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Abstract 

To determine whether pl6 is altered In human malignant mesothelioma 
(MM), molecular analysis of multiple 9p loci was performed on 40 cell 
lines and 23 primary tumors from 42 MM patients. We identified homozy- 
gous deletions of p/tf in 34 (85%) cell lines and a point mutation in 1 line. 
Down-regulation atp!6 was observed in 4 of the remaining cell lines, 1 of 
which displayed a DNA rearrangement of p!6. Homozygous deletions of 
pi6 were identified in 5 of 23 (22%) primary tumors; no mutations or 
rearrangements were found In these specimens. Four cell lines displayed 
a single homozygous deletion proximal to or distal topio*; 4 others had 2 
nonoverlapping deletions, one involving pl6 and the other involving a 
region proximal to this locus. These data indicate that alterations of pl6 
are a common occurrence in MM cell lines and, to a lesser extent, in 
primary tumors. Furthermore, deletions of 9p21-p22 outside of the p!6 
locus may reflect the involvement of other putative tumor suppressor 
genes that could also contribute to the pathogenesis of some MMs. 

Introduction 

In contrast to oncogenes, TSGs 3 function as negative regulators of 
cell growth. Accumulating evidence indicates that alterations of TSGs 
represent predominant pathogenetic events in a number of human 
malignancies (1). Thus far, more than a dozen TSGs have been 
mapped and/or cloned through the study of cancer families and 
tumors. For example, linkage analysts of melanoma families initially 
pointed to chromosome region 9pl3-p22 as the site of a familial 
melanoma gene(s) (2). Other studies have demonstrated that homozy- 
gous deletions of chromosome 9p21-p22 are common in leukemia, 
melanoma, glioma, lung cancer, MM, head and neck tumors, and 
bladder carcinomas, suggesting that a critical TSG(s) resides in this 
region (3-9). 

Recently, a gene (pI6/MTSlfCDK4 inhibitor), which was origi- 
nally cloned using the two-hybud system in a search for proteins that 
interact with CDK4 (10), emerged as a candidate 9p21-p22 TSG 
when it was found to be homozygously deleted at high frequency in 
cell lines from many different types of cancer (11, 12). In addition, 
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mutations of pI6 have been observed in some melanoma ceil lines and 
primary esophageal squamous cell carcinomas (11-13). 

Functionally, the pl6 protein product can bind to and inhibit CDK4, 
one of several CDKs with the activity that drives cells through the cell 
cycle and into cell division (10). It is known that all of the CDKs must 
be activated by cyclins, and several lines of evidence indicate that one 
of the cyclin partners of CDK4, cyclin Dl, can behave as an oncogene 
(14). These findings suggest that normal control of cell division 
requires a regulatory balance between cyclin activators of CDKs and 
inhibitory proteins such as pl6, p21, and p27. Alterations leading to 
overactivity of the CDKs, whether excessive cyclin production or loss 
of inhibition by proteins such as pi 6, release cells from the normal 
constraints of cell division. Such uncontrolled division is character- 
istic of cancer cells. 

Human MMs frequently display multiple chromosomal changes, 
particularly losses or structural rearrangements of lp, 3p, 6q, 9p, and 
22 (15-17). We demonstrated previously that homozygous deletions 
of 9p21-p22 are a common occurrence in MM, and we defined the 
location of a TSG(s) to a region between I FN A and D9S17I (5), a 
region of approximately 2-3 megabases. In this paper, we report 
various pl6 alterations, including deletions, rearrangement, mutation, 
and down-regulation, in 39 of 40 MM cell lines. In addition, homozy- 
gous deletions were detected in primary tumor specimens from 5 of 23 
MM patients. Among 21 matched tumors/cell line pairs, homozygous 
deletions were identified in all 21 cell lines as compared to 5 tumor 
specimens. In some cell lines, we have found additional homozygous 
deletions outside the pI6 locus, which could reflect extensive rear- 
rangement in this region or the possible involvement of other putative 
TSGs. 

Materials and Methods 

Tumor Specimens and Cell Lines. Criteria for the diagnosis of MM were 
in accordance with established guidelines (18). Approximately 60% of all 
patients included in this study had a known history of exposure to asbestos 
(17). 4 All 23 primary MM tumor specimens were obtained from patients who 
underwent surgery at Memorial Sloan-Kettering Cancer Center, and each 
sample contained at least 70% tumor cells as was confirmed by an experienced 
pathologist Thirty-nine cell lines were established from surgically explained 
primary MMs obtained at Memorial Sloan-Kettering Cancer Center or Fox 
Chase Cancer Center. The methods for establishing these cell lines nave been 
described (19). The remaining cell line, HMESO-1, established by Reale et al. 
(20), was obtained from Dr. Steven M Keller. 

Southern and Northern Analyses. Genomic DNAs from 40 tumor cell 
tines and 23 frozen tissues from 42 MM patients were purified by proteinase 
K digestion, extracted with phenol/chloroform, and precipitated by ethanol. 
Tumor tissues/tumor cell line pairs were available in 21 cases. Digested DNA, 
after careful spectrophotomeiric measurement of DNA concentration, was 
fractionated by 0.8% agarose gel electrophoresis and transferred to nylon 
membranes for Southern blot analysis (Gene Screen Plus; DuPont New Eng- 
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land Nuclear, Boston, MA). For Northern blot analysis, 20 fig of total RN A 
were separated on a \% agarose/2^ m formaldehyde gel and blotted onto 
Magna NT membrane filters (Micron Separations). The membranes were 
hybridized overnight with 32 P-labeled probes and washed at high stringency. 
Gene dosage analysis of autoradiograms was performed as described previ- 
ously (5). 

Reverse Transcriptase-Polymerase Chain Reaction. Total cellular RNA 
was obtained by a one-step guanidinium isothiocyanate-phenol-chloroform 
extraction procedure (21). For cDNA synthesis, 3 jig of total RNA were 
denatured by heating at 70°C for 10 min in 12 pi of diethyl pyrocarbonaie- 
treated water, in the presence of 20 pmol of oligo(dT) l6 primer (22). After 
chilling on ice for 2 min, single-branded cDNA was synthesized by incubating 
the denatured RNA in a 20-jil solution containing 200 units of Superscript 
(GIBCO BRL), 1 x reverse transcriptase buffer [50 mM KC1, 20 mM Tris-HCl 
(pH 8.4), and 2.5 mM MgCl 2 ). 10 mM dithiothreitol, and 0.4 mM deoxynucle- 
otide triphosphate for 1 h at 42°C The reaction was terminated by heating at 
95°C for 2 min and followed by quenching on ice. Two pi of the resulting 
single-stranded cDNA were used to separately amplify pi 6 and GAPDH, 
which was used as a loading control, by PCR with a MiniCycler (MJ Research, 
Boston. MA). The following conditions were used for amplification of pl&. 
94°C for I min, 56°C for 1 min, and 72°C for 1.5 min for 35 cycles; after the 
final cycle, the reaction was maintained at 72°C for 10 min. For GAPDH, the 
same PCR conditions were used except that the annealing temperature was 
55°C. The resulting PCR products were electrophoresed on a 1.8% agarose gel. 
The primers used for pI6 were: sense 5'-ATGGAGCXTTCGGCTGACT-3' 
and anlisensc 5 -GAGCCTCTCTGGTTCTTTCA-3'. 

DNA Probes and Deletion Analysis. The DNA probe used for Southern 
hybridizations was a p!6 cDNA clone (kindly provided by Dr. David Beach). 
Primer information for markers I FN A I and D9SI7I were obtained from the 
human Genome Data Base. MDS59 was originally isolated from a 9p21-p22 
region-specific microdissection library (23). The markers 4C6SI (573/ ) and 
I7H8SI (5752) were derived from YACs containing 095/7/, whereas 20E4 
{STSS) and 6C2BI (STS4) were obtained from YACs containing /f AM/. 

PCR analysis was performed for each of the 3 exons of the p!6 gene and for 
other chromosome 9p21-p22 loci. Purified DNA (50-100 ng) were amplified 
in a 25-ftI solution containing 0.5 jam concentrations of each primer. 100 pM 
of each deoxynucteotide triphosphate, and 1.0 unit of Taq polymerase (Perkin- 
Elmer, Branchburg. NJ). En addition, 5% dimethyl sulfoxide was used in the 
amplification of each p/6 exon (II). PCR was performed in &ii MJ Research 
PTC- 100 Programmable Thermal Controller with 0.1 fig of DNA in a total 
volume of 25 pi. Thirty-five cycles of amplification were carried out with Taql 
DNA polymerase (Cetus. Norwalk, CT) and consisted of 1 min at 94°C, 1 min 
at 58°C, and 1 min at 72°C. The PCR products were analyzed by electrophore- 
sis in 2.0% agarose gels. Primer sequences of pi 6 were: exon 1, 5'-GGAG- 
GAAGAAAGAGGAGGG-3' and 5 ' - ACTTCGTCCTCCAG AGTCG-3' ; exon 
Z 5'-TCTGACCATTCTGTTCTCrC-3' and 5 '-CTCAGCTiTGGAAGCTC- 
TCA-3'; and exon 3, 5'-GGATGTTCCACACATCTTTG-3' and 5'-AT- 
GAAAACTACG AAAGCGGG-3' . 

SSCP Analysis. SSCP analysis was carried out on DNA from 23 primary 
tumor specimens. PCR was carried out as described above with the exception 
of adding 0.1 pi |o> 32 P]dCTP to the reaction for SSCP analysis. Following 
amplification, PCR products were diluted 1.10 with 0.1% SDS/10 mM EDTA 
A 3-ji.l sample of the diluted reaction was then mixed with 3 pi of gel-loading 
dye (United States Biochemical Corp.). Samples were heat denatured at 94°C 
for 2 min and chilled on ice, and 3 p\ were loaded onto a 6% polyacrylamide 
gel containing 10% glycerol. Gels were electrophoresed at 5 W of constant 
power for 18 h at room temperature, using 0.5 X Tris-borate-EDTA buffer. 
After electrophoresis, the gels were dried and subjected to autoradiography. 

Sequence Analysis. PCR products of each p!6 exon were cloned into the 
pGEM-T vector (Promega. Madison, WI). The inserts were sequenced accord- 
ing to the dideoxy chain termination method using double-stranded recombi- 
nant plasmids as a template and T7 and SP6 as primer sites. Reaction products 
were electrophoresed on 6% polvacryIamide/8 m urea/0.1 M Tris-borate (pH 
8.0)/2 mM EDTA gels. After electrophoresis, the gels were transferred to 
blotting paper, dried, and subjected to autoradiography. For each sample, at 
least 2 clones were sequenced. 



Results 

Homozygous Deletions of pl6 and Other Loci in 9p2l-22. Ho- 
mozygous deletions were identified by conventional PCR analysis in 
the 40 MM cell lines and by both Southern blotting and PCR analyses 
in the 23 primary tumor specimens. Homozygous deletions of p/6 
were identified in 34 (85%) cell lines. The deletions could be cate- 
gorized as those involving the entire gene, only exon 1, and both 
exons 2 and 3 (Fig. 1). Complete deletion of pl6 occurred in 30 cell 
lines (75%), of which 6 showed deletions of p!6 but not of any other 
9p2l-p225ocus examined. Two cell lines, HMESO-1 and M126, had 
deletions of exon 1 but retained exons 2 and 3. Two other lines, Ml 55 
and M363, had deletions of exons 2 and 3 but not of exon I. Among 
21 cell lines/primary tumor pairs, homozygous deletions of p!6 were 
detected in all 21 cell lines but in only 5 primary tumor specimens. No 
differences were observed between the 5 patients with and the 18 
without p/6 deletions with regard to clinical features or history of 
asbestos exposure. 

The frequencies of homozygous losses of the remaining markers 
surrounding p!6 in the 40 MM cell lines are shown in Fig. 2. Our 
deletion mapping analysis and additional mapping data from YACs 
suggest that the most likely physical order of these markers is 9pter- 
IFNAI'STS4-STS3-pI6'MDS59.STS2-STSI-D9SI7I'9cen. 

Interestingly, one cell line (M263) without a pI6 deletion sustained 
a homozygous deletion of 5752 but retained all other 9p21-p22 loci 
tested. Moreover, four lines (HMESO-1, M363, M140, and M160) 
having a p!6 deletion also had a second, nonoverlapping region of 
homozygous toss involving a 200-400-kilobase region between 5752 
and STSI or D9SI7I; this region is - 1 megabase proximal to p/6. Of 
significance, an intervening marker, MDS59 (-600 kilobases proxi- 
mal to p/6, and distal to 5752) was retained in 3 of these 5 cases. In 
the remaining 2 cell lines STS2 was present, whereas 575/ and 
D9S171 were deleted, respectively (Fig. 2). 
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Fig. I. Homozygous deletions "of pI6\in MM cell lines: Depicts ethtdium bromide- 
gained gels of representative PCR products amplified using prim er sets for e ach of the 

DNA shown in Vanes 9 and 10 (HMESO-1. Ml 26), whereas deletions were confined to 
exons 2 and 3 in DNA shown in Lanes 13 and 14 (MISS, M363). bp. base pairs. 
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Fig. 2. Homozygous deletions observed in 8 MM cell lines depicting 2 separate regions 
of homozygous loss, one proximal to and the other distal to pi 6. Five cell lines shown on 
the left exhibit homozygous losses within a 200-400»kilobasc region between STS2 and 
575/ or D9SI71; this region is — 1 mcgabasc proximal top/6. The 3 cell lines shown on 
the right display deletions of STS3 or of STSJ and 5734, -400 Irilobases distal to p/6. 



Furthermore, 2 cell lines (Ml 59 and MS31) showed a homozygous 
loss of only STS3* whereas the remaining 9p21-p22 loci tested were 
retained. Another cell line (M217) had homozygous deletions of both 
STS4 and STS3, but all other markers were retained (Fig. 2). Thus, the 
deletions observed in these 3 cell lines could overlap within a small 
region between STS3 and STS4, approximately 400 kilobases distal to 
p/6. Two other cell lines (M250, M144) retained STS3, whereas loci 
distal to and proximal to this locus were deleted (data not shown). 

Down-regulation and Rearrangement of p!6. RNA was avail- 
able from 4 of the 6 cell lines that did not exhibit homozygous 
deletions of part or all of pI6. The mRNA expression was examined 
by Northern blot and reverse transcriptase-PCR analyses using cDNA 
primers for both GAPDH and the open-reading frame of p/6. GAPDH 
was uniformly expressed in all lanes, whereas p/6 was detected only 
in normal mesothelial cells (Fig. 3A ). Transfer of the gel to a filter and 
hybridization with the p/6 cDNA probe revealed marked down- 
regulation of p/6 (Fig. 3B) in the 4 MM cell lines as compared to 
normal mesothelial cells. The same result was obtained by Northern 
blot analysis (data not shown). Southern blot analysis revealed a p/6 
rearrangement in 1 (M222) of these 4 MM cell lines which did not 
display deletions of any 9p21-p22 marker (data not shown). Two 
(M222, M224) of these 4 lines retained every 9p locus tested, whereas 
the remaining 2 lines (M263, M217) had a homozygous loss of only 
5752 or STS4 and STS3, respectively. 

Mutation of p/6. Of the remaining 2 cell lines without a p/6 
deletion, one (Ml 59) showed a mutation in the second nucleotide of 
the intron adjacent to the donor splicing site of exon 2. The mutation 
involved an A->G transition (Fig. 4). Among the 18 primary tumor 
specimens without homozygous deletions of p/6, no mutations or 
rearrangements were found by SSCP and Southern blotting analyses, 
respectively. 

In addition, 5 of the 6 MM cell lines without a pl6 deletion had a 



glutamine to asparagine and leucine to valine, respectively. Matched 
DNA from normal WBC was available in one case and displayed the 
same sequence found in the corresponding tumor cell line. Thus, this 
sequencing difference is likely to represent a polymorphism; it was 
not scored as a mutation (24). 

Discussion 

MM is characterized by a long latency period following the onset of 
exposure to asbestos and by a short survival period after diagnosis 
(25). The length of the latent period suggests that multiple genetic 
alterations may be required for tumorigentc conversion of a mesothe- 
lial cell (26). TP53 and KRAS mutations have been reported in a low 
percentage of MM cell lines (27, 28). Our previous studies demon- 
strated that losses of lp, 3p, 9p, and 22 are very common in MM (5, 
17, 29). In this report, we describe p/6 alterations in human MMs, 
including homozygous deletions, point mutation, structural rearrange- 
ment, and down-regulation. Collectively, 39 of 40 (98%) cell lines 
displayed alterations of p/6. Homozygous deletions represent the 
predominant genetic alteration of p/6 (85% of cell lines and 22% of 
primary tumor specimens). These findings suggest that p/6 abnor- 
malities could be important in the development of some MMs. In 
addition, alterations of p/6 have been found in cell lines from a 
variety of other tumor types (11, 12); in a recent report, p/6 muta- 
tions were observed in —50% of primary esophageal squamous cell 
carcinomas (13). 
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C-O, rather than the G-C sequence reported previously (10) at nucle- 
otide positions 177-178, causing a change in 2 amino acids, namely 
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Fig. 3. (A) Reverse transcriptase-PCR analysts of p/6 in 7 MM cell lines (lanes 2-8\> 
including 4 cell lines (lanes 2-4, 9) that (fid not exhibit boroozygpus deletions of p/6\ 
Lane /, normal mesotfadial cell line: Lane 2. M222: Lane i, M224: Lane 4, M217; lane 
5,HMESO-l;i/wr6,MI40;Z/mr7 < M237;Z^£M2fA 

shows anitbrm levels of aipi e &SKM i of GAPDH* used as a ooniroL whereas p/6 was 
detected osly m normal rocsctbeltal cells, la fl. after the grf was Wot^ K^prodacis 
were hybnOizetfwiQ] a radiolabeled p/6 cDNA probe. Note complete absence of p/6 
expression in 3 MM cell lines having homozygous deletions of p/6 and dowo-reguiirion 
m 4 MM lines without deletions of the p?6 locos. 
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Fig. 4. Identificaiion of a point mutation of p/6 in MM cell line MI59. As shown 
within the box, MM cell line M159, compared to M222. displays an A— G transition in 
the second nucleotide of the intron adjacent to the donor-slicing site of the second exon. 



A comparison of data from our MM cell lines with that of corre- 



Qualitative changes are due to mutations or structural rearrangements 
within the coding region, whereas quantitative alterations can result 
from down-regulation or homozygous deletion. Most TSGs involved 
in human cancer are inactivated by mutation (1, 32). Alteration of p/6, 
on the other hand, frequently involves the complete loss of the gene 
or a marked decrease of the protein product (11, 12). 

Homozygous deletion of chromosome 9p21-p22 is a common 
event in a number of different types of cancer (3-9). Deletion map- 
ping of melanoma and other tumors has indicated that there may be 2 
or more TSGs residing within this region (33, 34). One report pro- 
vided evidence suggesting that the minimally deleted region in mel- 
anoma resides between the markers MTAP and D9S3, whereas the 
critically deleted region in other malignancies such as leukemia, 
glioma, and lung cancer is located at a more distal site between IFNA 
and MTAP (34). 

pl6 was mapped between IFNA and MTAP (12). Physical mapping 
data suggest that the distance between IFNA and D9S171 is at least 2 
megabases with pl6 being located -600 kilobases proximal to 
IFNAL Among our 40 MM cell lines, 4 showed both a deletion of pI6 
and a second, nonoverlapping, homozygous deletion within the region 
encompassed by STS2 and D9SI71 (Fig. 2), -1 megabase proximal to 
p/6. Another cell line had a homozygous deletion of 5752 and no 
other locus. Three other MM cell lines (M217, M159, and M531) 
without p/6 deletions displayed homozygous losses of STS3 or of 
STS4 and STS3, which are located -400 kilobases distal to p/6 (Fig. 
2). We have also characterized homozygous deletions of 9p in another 
60 tumor cell lines from various organs. Three of these cell lines (one 
lung carcinoma, one leukemia, and one renal carcinoma) showed 
nonoverlapping deletions. In each case, STSI and p/6 were deleted, 
but the intervening markers MDS59 and STS2 were retained, consist- 
ent with the results observed in 5 of our MM cell lines (Fig. 2). These 
deletions outside the p.?6 locus are enigmatic, and their interpretation 
awaits further investigation. One possibility is that in somr cases the 
9p21-p22 region may undergo extensive rearrangement (e.g., an 
inversion followed by a deletion). Alternatively, these additional 
deleted regions could reflect the involvement of other putative TSGs 
within 9p21-p22 which could contribute to the pathogenesis of some 



sponding fresh tumors indicates that the frequency of p/6 alterations MMs. We are currently generating a cosmid contig and attempting to 



in cell lines is much higher than in primary tumor specimens. Among 
21 cell lines/tumor pairs, homozygous deletions of p/6 were found in 
all 21 cell lines, but in only 5 tumors, suggesting that the high 
incidence of p/6 alterations in MM cell lines may reflect an in vitro 
phenomenon (24, 30, 31). *l*hat is, deletions of p/6 may provide a 
selective advantage for in vitro growth. On the other hand, primary 
MMs often contain a significant proportion of normal cells which 
could present difficulties in detecting homozygous deletions of p/6 in 
this tumor type. However, to exclude normal tissue contamination, 
other 9p probes such as D9S3 and D9S126 were used to rehybridize 
the Southern blots of DNAs from the 23 primary tumors originally 
probed with p/6. 

Presently, the role of p/6 in human cancer is controversial. For 
example, a recent study showed mutations of p/6 in only 2 of 75 
primary tumors from a variety of organ types, each of which was 
previously shown to have loss of heterozygosity involving 9p21-p22 
(31). However, as our data demonstrate, mutation within the noncod- 
ing region, rearrangement, and down-regulation of p/6 could play a 
role in the inactivation of this gene in some cases. In addition, 
mutations within the promoter region of p/6 may occur, although this 
type of mutation has not been described as a predominant mechanism 
of gene inactivation in human cancer (31). 
Inactivation of TSGs in cancers can result from alterations in the 
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isolate candidate genes from these regions. 
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Detection of CDKN2 Deletions in Tumor Cell Lines and Primary Glioma by 
Interphase Fluorescence hi Situ Hybridization 1 

M. H, Dreyling, S. K. Bohlander, M. O. Adeyaiyu, and O. L Olopade 2 

Set tion afHtmaiology/Oncotasy. Department vfhteJUine. The University ofChica X <K Chkajtn. Minais 606J7 

Abstract mechanism of inactivation of CDKN2 is by homozygous deletions. 
Abstract Interphase FISH is a well established technique for identifying genetic 
Deletions of chroroosomal band 9p2I nave been detected in various gn^ni^ i n neoplasias on a singie<ell level. This technique is 
tumor types tocrading melanoroa, glioma, long cancer, mesotbcUoma, and ^p^^iy suited to analyze clinical tumor samples which are "con- 
bladder cancer. Recently, the COKN2 gene Ipte'"* 4 *, ^^J^^J J"* taminated" with normal cells. In addition, loss of one allele can be 
been proposed as readily determined. We performed interphase FISH analysis on 10 

^^^Ln^ donesandacosinMcoBtigafthe cancer. 2 bladder cancer) with rearrangement of the short arm of 

CDKN2 region. In 10 ceo lines (4 gUoma, I melanoma, 2 mm-snaD eeU chromosome 9 detected by molecular or cytogenetic analysis and V 

lung cancer, 2 bladder cancer) with 9p alterations detected by molecular primary glioblastoma, to determine the accuracy of different probes in 

or cytogenetic analysis, interphase FISH with the CDKN2 cosmid contig detecting 9p deletions in tumor cell lines and primary tumor tissue. To 

detected all 9p deletions previously identified by molecular analysis. Using our ^^edge, this Is the first report showing the utility of interphase 

this probe, FISH analysis of primary gfobtastoma tumors revealed ho- piSH fo de | etions of me CDKN2 region in primary tumors, 
mozygous deletions of the CDKN2 region m 6 oT 9 tumow (67%) whereas 
a yeast artificial chromosome probe containing the interferon type I (IFN) 

gene duster was deleted in only 4 cases (44% i. Thus, U fc fikdy that the Materials and Methods 

CDKN2 region Is the target ^J^^^^J^^ ™" CeU line*. We used 10 cell lines (4 glioma. 2 melanoma. 2 non-smalt cell 

wfll play .in important role Indefining , ung carcinoma, and 2 Madder cancer, thai had been well characterized by 

deletions tajM « ^ ^ "J^l""^ "national ctogeneiic analysis. The cell Hoes were obtained from .he 

samples which may be contaminated by normal ceils. ^ ^ ^ CoIIec|ion w fwm lhe inveMig:i , ;us who tud estao- 

lished them. Cytogenetic deletions of lhe short arm of chromosome V were 
delected in 4 of 10 cell lines. The cell lines as well as r»hytoricniagglutinin- 
Introductton stimulated normal peripheral blood cells were harvested using standard cell 

The malignant transformation of tumor cells is known to be driven culture lechniqucs. Mciaphasc chromosomes wea- prepared as described 

hv th«- nrnimnblinn «f #tiff#»r#»m <*?iy>tir • vpok- inolyHiftg nim^c*' previouslv ( 1 1 ). 

• . V i a »k. Patient Materials. Tumor specimens obtained from pal icnis undergoing 

and structural allerat.ons of distinct chromosomal regions. Among the ^ ^ rf ^ ^ ^ fa ^ ^ n amJ M 

specific alterations associated with neoplasia, the loss of tumor sup- ^ ^ c ^ ^ ^tabtetuma multiforme according to 

pressor genes has been recognized as an important phenomenon. ^ ciassifHrJlKro syslcni Tuucn prelum* were made by louchmg 

Hemizygous and homozygous deletions of chromosomal band 9p2l a fKsh|y cu( amJ tfaK€A ltimof surfacc on a N iidc. The slides were fixed 

have been detected in various tumor types including melanoma. m mrt i no |.^| ac ial aceiic acid (3:1). treated with 5 #ig/ntl proteinase K 

glioma, lung cancer, mesothelioma, and bladder cancer (I). In primary (Bochringer Mannheim. Mannheim. Germany), and pusitixed in 115% 

glioma the IFN* gene cluster which is located telomcric to the tumor paraformaldehyde (Sigma Chemical Co.. St. Louis. MO). 

suppressor region was found to he deleted in up to 50<S of the primary FISH Probes. YAC AHXfcIO (330 kilobases). later referred to as YAC I L 

tiimuis (2-4; Rvccr.il> \ lhe CBXX2 gene { /.V A '** ! ; wfcScfc encode an M »l YAC KiGBi i i 1450 kiia«r*>i. Jaie, rcfeued u> a* VAC 23. acre i^iiRcd 

inhibiu>r of the cyclin-dependent kinase 4 (CDK4). was found to be by screening the St. Units and the CEPH YAC libraries with IFN A I primers 

frequently involved in 9p deletions in tumor cell lines and has been ( 12). YAC 8R3G5 x 1 100 kilobases). later referred to as ; YACI7- were obtwned 

proposed as a candidate tumor suppressor gene (1,5. 6). In Southern f«u« mc CEPH MegaYAC library by ^"t^™*™ P nmcrs < 

^ ^ pf & > ' c -^rw |3 ^, yiohasejii later referred lo as YAC 10/2. from chromosomal 

blot analysis, 78?r of our glioma cell lines and *>% of primary tumors wwnascsi. laitr reicrre 

... «. 4 . r _ hand Hu22 was used as a control probe (14). 

showed homozygous delettons of CDKN2 * However, the frequency ^ ^kUobase region amund CDKN2 were 

of point mutations of CDKN2 m glioblastoma and other primary ^ ^ ^ bv a now-sorted human 

tumors is rather low (7-9). Therefore, it appears that the preferred duwnnsnmc 9 , ibrary (Uwrcnce Livcrnuwe LaN>raiories) with probes from a 

YAC contig of lhe region. The exact local izalion of the FISH probes is shown 

Received I '1^5: aecepicd I ,'2-W in fig. 1 . FISH pu*es were prepared as described previously ( 10). YACs were 

The costs of publication of ihis ankle were defrayed in part hy the paymem of page puri f ie d on a pulsed-field gel. The DNA of the excised YAC bands as well as 

ssr»rr^ ™r ^"'^ m Khh * — DNA <».» K) ^ ^ » ^ ^ ^ ^ 

'The work was supported in part by J. S. McDonnell Foundation Grant »0-M cation products were PCR labeled with broUn-ll-dUTP (Enzo Diagnosttcs) 

(O. I. O.J. DOE Cram DE- FGt 12 -X6ERM14UK (J. 0. Row ley >. and a training pram fnmi the ^ f ina || y treated with DNasc (DNase 1. 200 pg/ml for 10-20 min: Boehringcr 

Deuische Forschungsgemcinschan (M. H. D.v Mannheim) 10 reduce lhe averaee fragment suec 10 150-450 base pairs. 

• To whom requests for reprints should be addressed, al the Department of Medicine. Mannncimj mnn w a & r~ 

Seetwn of Hemat.»logy/On«.kigv. University of Chk-ag... 5MI S. Maryland. Box :i 15. P HuR98. a variant satellite 3 sequence, which hybridizes specifically to lhe 

Chicago, 1L M1637. hctcrochnwnatic region of chromosome 9 (°qh), was used to determine the 

'The abbreviations used arc: IFN. interferon type I; FISM. fluorescence in v numDer u f chromosome M (16). The plasmid with a 158-basc pair insert 

!^ue W n«\^r^n^ C ' DK4 ' ,:ydinHk ' pCWlcn, ""^ ^ was' amplified by SIA. PCR labeled with Spectrum Orange-1 1-dUTP (Image- 

4 O. I. Olopade n al. unpuWUhed data. netics. Framingham. MA), and treated with DNase as described. The copy 
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DETCmON OF CD9SN2 DELETIONS BY DfTEBFHASE FISH 



Tabic I faterpftuw tutatyxh of rtt*mal /K/ipktraf blood 

Dial color HSII pcrfiimwd with normal pctipfccral bfnod crib of 10 proband* 

No. of byhrkbottoo MptztVatl («*) 

HSII Region/ 

pmhc marker 0 • 2 » 



pHuR <*(b <U)2i(1.0fV 3.22 2 0.54 <*.70±IL5U O.7K±0J7 0J2s0J2 O 

VAC 17 /WW»o 0J01O27 3.1)t IJ3 <MA6ilA> a74*0J" IM0iO27 0 

COSplfr OMW2 Ul»±0.l« IftHi 1.00 QlWCiUo Oa2±0*2 OJ2s<U3 0<M sai3 

YAC II 0/t 0jD*slMt> 2.12 tUB 9knO± 1.10 <li»i0.49 0.42 2 0J2 O 

YAC 23 0.04 ±0iW 1.92 2 0.33 97iJKtOA5 078 2 0.6* 0.12*0.10 O 

YAC HV 1 8q22 0.16 20.18 L<M2t>.ft5 97.04 *Oj65 QiggOJO 024 2aift 0 



** Mean ± SD of hyhridi/al»in signals/cell. 



Tabic 2 MiAft uhv ami tytttgenetit ftttntm of bstmxm a*mnr cell Hat* 
Tfcc mtenber of csrcswanmc <> ccpic* were determined by FISH analysb of the ccmromcrr v pn*e (pHuR 93). The presence of the 
marker* REY24. CDKN2. IWSWh, and IW/71 were determined by SooJfteni btotv 



interferon A duster «#FW A> and of Ac ■nfceofar 



Cell line 


Tumor type 


Cytogenetic alterations of 
chrofiMMome 9 


Ploidy 


No. of cfarrmosotscs 9 
<FIStI) 


IFNA 


REY24 


C/HTV2 MSMi 


095/7J 


AI72 


Glioma 


9p on marker. 16 marker 


Near triptoid 


4 


*P - 






♦ 






enrnmosomes 














H4 


Glioma 


deH^p) 3X 


H>pertriploid 
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"P - 








TVK 


Glioma 


14- lf» marker 


Hyperpenianloid 


>4 


+ 


♦ 


- ♦ 








chnrawvjoie* 














U4I0 


Glioma 


ND 


Near diploid 


-* 
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HS2V4T 


Melanoma 


Normal 


Near iriphrid 
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- ' + 
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RPMTTtfl 


Melanoma 


ND 


Iklenjptual 


>4 






♦ + 
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(MVMn^Mpll?!!). 
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NSCIX 


dcK9Mpl3k 25 marker 


Near tetraploid 


4 
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RT4 


Bladder carcinoma 


-9. dd(*»xp2lp22) 3X 


IHpotcfrantntd 


3 










UM-UO 


Bladder carcinoma 


♦9. dell9Xqt2 or q34>. 


llypettripioid 


4 


+ 






. ♦ 






addf«»Kql2) 















mra-small cell (ung carcinoma. 



number of chrnmostime 8 was determined by a ccntromcric FISH probe CUP 
K Spectrum Orange (Imagcnctics) 

F!SH Procedure. Tv.- ~;!^ TWA VAC ». v*i»cntd probes ami a 
centoimcric probe was performed as described previously (17). The hybrid- 
ization solution contained approximately 0. 1 jig of each probe, I jig of human 
Cot 1 -DNA < BRL). 0.6 fig «f human placental DNA, and 3 Mg of salmon sperm 
DNA/ slide in a 10-jd volume. The hiotinylated probes were detected with 
FlTC-conjugatcd avidin. The slides were countcrstained with 4\6'-diaraidinr> 
2-phcirylmdole dihydrochloride and were analyzed using cpifluurcsccncc and 
a single-pass filter (Chroma Technology) to avoid superiinpiibitton of the 
cxmromeric and the YAC signals. For interphase analysis of the cell lines, the 
FISH signals of a total of 500 single, intact cells were counted by 2 independ- 
ent observers. In addition. 25 metaphasc cells of each ceil line were analyzed 
In the tumor samples 100 single intact cells were analyzed. For Fig. 2, separate 
gray scale images of 4\6'^iiara!dirio-2-rjhenyItiKk)lc-sUined cells and fluores- 
cence signals were captured using a cooled ctjaigc-coupted device camera 
(Photometries, Tucson. AZ) and were pseudocolored and merged using NIH 
Image or Adobe Photoshop. 

Mokadar Analysis. Cell line DNA was extracted and treated with restric- 
tion enzyme [HintflUy. electrophoresed on a \% agarose gel, and transferred to 
a nylon-based mtjocellolose nicinbranc (Gene Screen Plus; NEN, Boston). 
DNA filters were hybridized with ^P-Iabelcd probes from 9p2l and exposed 
to X-ray film. The probes used were REY24. CDKN2 cDNA, and 
DVSI71 (13). 5 The exact order of the molecular markers is shown in Fig. I. 

Results 

Interphase Analysis in Normal Peripheral Blood. To determine 
the reliability of the FISH probes in nonmalignant cells, ten test 
hybridizations of peripheral blood cells from normal individuals were 
performed with each probe (Table 1). Both centromeric and YAC 



? O. I. Olopade rl of., manuscript to preparation. 



probes showed an almost identical distribtition of signals/cell compa- 
rable to previously published results for crorfomeric pmhes. In SBtl 
nuclei scored, 2 signals were detected in 94-97% of the ceRs, 

Interphase Analysis in Tumor Cell lines. 9p deletions were 
determined by molecular analysis in 9 of 10 cell tines (Tabic 2). All 
deletions were detected as well by Interphase FISH with the CQSpl6 
probe. The results of the FISH analysis are sunrmarized as a deletion 
map (Fig. I). YAC 23 was hoinozygoasly deleted in one cell line 
(H322). YAC II which covers the rxoximal iFN gene duster was 
absent in 2 cell lines (U410, H322); only one copy was retained in one 
cell line (H4). Moreover, the intensity of the hybridization signals for 
YAC 1 1 was significantly reduced in 3 cell lines (H290, H4 T A 172). 
Previous detailed molecular analysis revealed that the distal deletion 
breakpoints of these cell lines lie within the YAC 1 1 region (X 18). 
Therefore the itfensity of the signal is reduced. However, wc were 
still able to detect signals for YAC 1 1 in one cell line |H4 (Fig, 2a\\ 
even though 90% of the YAC region was deleted. YAC 17 was 
homozygous^ deleted in 2 cell lines (H290, RT4X the number of 
copies was reduced in 2 other cell lines (A 1 72, H4> and 1 cdl tine 
showed a partial deletion of one allele (U410). The cosoiid probe 
which covers the region of CDKN2 was rjootozygousry deleted in 8 of 
10 cell lines. In one cell line (T98) the signal was ygnificantly 
reduced indicating a partial deletion of the region. Southern Mot 
analysis showed a rwmozygous deletion of CDKN2 m rjns cell line, 
whereas another molecular marker of the region was retained (data not 
shown). In 5 cell tines (H4, U4I0, HS294T, RT4. UM-UO). both 
control probes, the chromiwome 8 centromere probe and the YAC 
10/2 probe, showed a similar distribution of signals/cell indicating the 
comparable hybridization efficiency of centnmieric and YAC probes. 
However, in the 5 remaining cell lines (all with 4 or more copies of 
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Fig. J. 5p udcftwft iiiap ui ihc ccii iinc*. i fie p*ismw> of JtfTctctit FISii « i Av, 

II. YAC 23. YAC 17. COSpIh) and molecular markers. {REY24. CPKN2. /WW*. 
W5/7/) are shown. D. homozygous deletions: Q. nonhomozyguus dcletioav th. kil^- 
baves. 

chromosome 8) the number of chromosome 8 centromere signals/cell 
differed from the number of YAC 10/2 signals/cell suggesting the 
presence of rearrangements affecting chromosome 8. 

Subpopulations of cells showed an aberrant number of centromere 
8 and 9 signals reflecting (he heterogeneity of the? cell line*: Mela- 
phase analysis confirmed these subpopulations of cells with a loss or 
gain of a chromosome homologuc in 5 of 10 cell lines. However, the 
heterogeneity of the cell lines did not affect the analysis of 9p 
deletions, because all subpopulations of a cell line uniformly had 
either deleted or retained the tumor suppressor region on 9p. In the 



latter group the number of signals/cell was highly comparable to the 
centromere 9 data. In contrast, in the cell lines with homozygous 
deletions 99.5 + 0.4% (SD) of the cells showed no hybridization 
signal (Fig. 3A). Nonhomozygous deletions could be detected with a 
similar accuracy. Thus, there was good concordance between the 
molecular results and the FISH data. All the homozygous deletions 
determined by molecular analysis were detected by Interphase FISH 
(Table 2). In addition, cell lines with a partial loss of the IFN gene 
cluster had a reduced intensity of the hybridization signal of YAC 1 1 . 

Interphase Analysis in Tumor Specimens, to determine °p de- 
letions in primaiy tumors, we analyzed 9 brain tumors, pathologically 
classified as glioblastoma multiforme, using the FISH probes YAC 
11, COSpl6, and YAC 10/2 for detection of the deletion of the 
proximal IFN gene cluster (YAC 11). the CDKN2 region (COSpl6), 
and a control probe (YAC 10/2). Of 9 tumors, 4 tumors (44%) had a 
deletion of the proximal IFN gene cluster (YAC 11 (Fig. 3B)]. No 
cosmid signal for CDKN2 was detectable in 5 tumors. In one addi- 
tional tumor sample (sample I (Fig. 3B)\ the intensity of the hybrid- 
ization signals of the cosmid contig was significantly reduced in 
comparison to the control YACs, indicating a partial deletion of the 
cosmid contig. 

In one tumor sample (sample 7 (Fig. 33)] 7% of the cells did not 
show any YAC 1 1 signal. This tumor had only one copy of chromo- 
some 9. Therefore, the number of cells without hybridization signal 
probably results from an incomplete hybridization efficiency. In an- 
euploid rumors (6 cases, determined by interphase HSH) a subpopu- 
lation of cells ( 13.4 + 4.8%) had 2 copies of chromosome 9. This cell 
population was not identified in cell lines and p.obably represents the 
contamination with normal cells (stromal cell, lyrohocvies. etc.). 

Discussion 

Interphase FISH analysis is a well established method to determine 
chromosomal aberrations in hematological malignancies and solid 
tumors. Using the appropriate probes, interphase analysis Is able to 
chromcscrrts! sberrationi in clinical tunnv ?p? cimens toh'^ttv 
inated with normal cells and is also able to detect these changes in 
small subpopulations of cells. In this study, we describe the analysis 
of 10 cell lines derived fmm gHonws, melanomas, non-small lung 
cancer, and bladder cancer and 9 primary gliomas using interphase 
FISH analysis. For our experiments, we generated FISH probes from 
YACs and a cosmid contig by a SIA technique developed in our 
laboratory (10). This procedure >ieldr. consistent and strong FISH 
signals for interphase analysis. In contrast, single cosmids of the 9p 
re«MtM! had a hybridization sigr.a! of c.ily uiodcurie inicriMiy due io the 
small insert size. At present, FISH probes of YACs or similar vectors 
have been generated previously by AIu-PCR (19). This amplification 
technique is limited by the number of Alu sequences per done which 
varies considerably. Hybridization of YAC probes generated by AIu- 
PCR to extended chromatin preparations showed incomplete repre- 



Fig. 2. a. FISII with YAC II (rTTCVpllURM 
(Spectrum Orange) H4 is a hypcrtriplntd cell line. 
About I0T of one copy of the YAC 1 1 region is 
retained: An interphase cell with 3 signals for the 
centromere u and I fain YAC signal (arrow) is 
shown. />. FISH with YAC II <FTrCypHlJR98 
(Spectrum Orange), r. FISH with COSplft (FTTCV 
pHURW {Spectrum Orange). Tumor } is a glio- 
blastoma with deletion of the pi ft region. An inter- 
phase cell wi*h 5 centromere 9 and 5 YAC II 
signals is shown (b) whereas no COSplo signal is 
detectable (r). 
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Fig. 3. A. FISH aiulysis in If) itimoi ceil lines. TV percentage of cells without 
hybridization signal (YAC 10-2, YAC 11. COSplft) is shown. R FISH analysis in V 
glioblastomas. The percentage of cells without hybridization signal (YAC 10C YAC II. 
COSplh> is shtmn. 

sentation of the YAC insert (20). Therefore, Alu-PCR generated 
piobc* may not accurately detect partial deletions of the hybridization 
region. 

In our experiments, the cosmid contig probe identified all homozy- 
gous deletions of the CDKN2 region in 9 of 10 cell lines. Only 3 of 
these cell lines had cytogenetically visible deletions of the short arm 
of chromosome 9. The deletions were confirmed by molecular anal- 
ysis of the cell lines. The remaining melanoma cell line (RPMI7V51) 
had a rather complex cytogenetic rearrangement of the short arm of 
chromosome 9 but did not show any deletion of the CDKN2 region. 
Sequencing data of this cell line did not detect any mutation within the 
second exon of CDKN2. The majority of previously described point 
mutations of CDKN2 were located in this region {1-9). 

The proximal IFN gene duster was deleted in 4 of the 9 primary 
tumors. Although the small number of tumors does not allow an 
estimation of the overall frequency of 9p deletions in glioblastoma, 
our present results are consistent with our previous studies (3). An- 
other study detected IFN gene deletions in 50% of the high grade 
glioma (2). The authors proposed a tumor suppressor activity of the 
proximal IFN gene cluster in glioblastoma (21). However, our data 
exclude the IFN genes from the critical region of deletion, inasmuch 
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as they were deleted in only 4 of 6 tumors with 9p deletions. Tbe 
CDKN2 region was deleted in 6 of 9 tumors (67%). Other studies 
showed CDKN2 deletions in 17-69% of the tumors (9, 22, 23). In our 
own series of primary gliomas. Southern blot analysis showed ho- 
mozygous deletions of CDKN2 in 45% of the tumors, 5 However, 
Southern blot analysis may miss some of the 9p deletions because of 
contamination with normal cells. In addition, h is well known that 
some tumors are heterogeneous, and 9p deletions may be present in 
only a subpopulations of cells. 

Our data suggest that the 250-kiiobase region covered by the 
cosmid contig includes the target gene of the 9p deletions in primary 
glioma. CDKN2 is located in the smallest region of deletion on 9p. 
However, the frequency of point mutations detected m primary tumors 
is rather tow (8, 9). Therefore, the simultaneous deietioA of the 
neighboring genes may be responsible for the selective growth ad- 
vantage for the malignant cells. Hannoo and Beach (24) proposed that 
pIS (MTS2 9 CDKN2f% a transforming growth factor ^regulated 
member of tbe pl6 family, also plays an important rote in carcino- 
genesis. pI5 maps approximately 20 kflobases ccntromeric to CDKN2 
and is included in our cosmid contig (I). It may well be that tbe 
predominant mechanism of 9p rearrangements in primary tumors is 
the deletion of a large genomic region which would nudrvate both 
genes in one step. In fact, in cell lines as well as in primary glioblas- 
toma, the vast majority of deletions includes both genes (1, 5, 9). 
Therefore, we believe that homozygous deletions are the predominant 
mechanism for inactivating this region. Because further mapping data 
are crucial to determine the clinical significance of these rather targe 
deletions in primary tumors. FISH will play an important rote in 
characterizing the deletions. 

Recently, the overexpression of C0AV, the target molecule of pi 6. 
was proposed as an additional mechanism of functional p!6 inacova- 
tion (22, 23). Both events would result in a dissnhibttion of the cell 
cycle. However, in a number of cell lines and primary gliomas the 
homozygous deletion of CDKN2 was the much more frequent event 
(22. 23V 
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Methylthioadenosine Phosphorylase Deficiency in Human Non-Small Cell Lung 
Cancers 1 
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Dennis A. Canton 
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ABSTRACT MeSAdo phosphorylase (4). The adenine presumably is recycled to 

Meihylthioadtncftlne (MeSAdo) phosphorylase, a purine metabolic en- ^™*}°**" ? B a f tenlBe Ph 0 ^^ 1 ^" 1 '^ (5). The loss 

lyme, Is present In ill normal mammalian tissues. A deficiency of this 7\ MeSAdo P™sphorylasc, by decreasing adenine formation, would 

enzyme has been reported In some human leukemia* and lymphomas and ex P ecled t0 interfere with this salvage pathway. On the other hand, 

In a lew solid tumor*. In the present study, a specific Immunoassay was MTR - l - p is converted to methionine (6-9), which may also be 

used to assess the enayme levels In human non-small cell lung cancer cell synthesized from homocysteine by methionine synthase (10) and be- 

itm«nH primary tumnrR. We also tested the effftets of MeSAdo phospho- taine-homocysteine methyltransferase (II). In the enzyme-negative 

rytase-wttttive chemotherapy on the in vitro growth of enzyme-positive malignant cells, however, methionine is synthesized solely from 

and fftsyme-negativt lung cancer cell lines. Of 29 non-smalt cell lung homocysteine. Accordingly, MeSAdo phosphorylase-deficient malie- 

u3o\^ ^J X% L^ IT** nanl cc,ls mi « ht become morc lhan noiml cells on an 

unmunoreactlve enayme protein. Both 5,10-dldeazatetrahydrofolate, on exoeenous sunnlv nf mcthinntn* 

Inhibitor of oV novo purine synthesis, and methionine depletion, combined T U 7S - u 

with MeSAdo, prevented the growth of the enzyme-negative non-smal) ceU * MeS u Ad ? P>»pliorybie deficiency in human malignancy 

lung cancer ecus under conditions In which enzyme-positive cells utilized P* 1 ™ 1 e deve,0 P ment of enzyme-selective chemotherapy, in 

MeSAdo to endog&ncmsly synthesize purine nucleotides and methionine. whlch en2vme - n egative cancer cells will be killed with drugs causing 

Our data suggest that MeSAdo phosphorylase deficiency Is frequently lhe de P Ietion of purine nucleotides or methionine, under conditions 

found In non-small cell lung cancers and can be exploited In designing in wnicn enzyme-positive normal cells can be rescued by giving 

enzyme-selective chetnotberapy. MeSAdo as a source of purines or methionine. 

In this study, we used an immunoblotting method to screen human 

INTRODUCTION NSCLC cell lines and primary tumors for MeSAdo phosphorylase 

m caj i u u . , . • *_ # deficiency. The ability of a selective inhibitor of de novo purine 

MeSAdo- phosphorylase (methylthioadenosine: orthophosphate synthesis. DDATHF (12. 13). in combination with MeSAdo to selec- 

methylihioribosyltmnsfcrase) is involved in the metabolism of lively prevent the growth of MeSAdo phosphorylase-negative 

polyomincs and purines. This enzyme is abundant in all normal tissues NSCLC cells was also tested. Finally, we determined whether en- 

und in cell lines derived from normal cells ( I ) but is deficient in some zyme-negative NSCLC cells could proliferate in methioninc.depleted 

cell lines established from leukemias, lymphomas, and solid tumors mec-im supplemented with MeSAdo. The results indicate that 31% 

s^h as melanoma, breast cancer, lung squamous carcinoma, and (9 of 29) of NSCLC cell lines and primary tumors lacked detectable 

rectal adenocarcinoma ( I. 2). However, because the assay for Me- enzyme protein. Moreover, only enzyme-negative NSCLC cells were 

l^S^^ T T *T* Wq ? reB commercial, y unavai| - P« v ""*d f ™ ««>wing by DDATHF. or by methionine depletion, in 

able radiochemical substrates because the enzyme is cutalytically the presence of MeSAdo. Thus, MeSAdo phosphorylase deficiency 

lab le and because contaminating normal cells (especially in the case distinguishes many NSCLCs from normal cells, and this tumor-soc- 

of solid tumors) may give erroneous results with the enzyme assay, it cific metabolic abnormality may be exploited lo selectively treat 

has been difficult to determine the true incidence of the deficiency in NSCLCs. ««.uivwy treat 
human primary tumors.. In un earlier report, we established the validity 

of an immunoassay in which antibodies against MeSAdo phosphory- MATFRIAI s anh MirTitnnc 

lase were used, and we quantitated the immunoreactive MeSAdo MATERIALS METHODS 

phosphorylase protein in primary human gliomas (3). DDATHF was kindly provided by Lilly Research Laboratories (Indianapo- 
Fn mammalian cells, MeSAdo. the substrate for MeSAdo phospho- lis, IN). Solutions of DDATHF were made in 0.1 n NaOH and were adjusted 
rylase, is produced during synthesis of polyamincs from decarboxy- i° P" 7.4 with phosphate-buffered saline (14). Diaiyzed horse serum and 
losed 5-udenosylmethionine (Fig. I ). MeSAdo does not accumulate in D-MEM containing or lacking methionine were obtained from GIBCO BRL 
normal tissues but is cleaved rapidly to adenine and MTR-I-P by (Life Technologies, Inc.. Oaithersburg. MD). All other chemicals were from 
Sigma Chemical Co. (St. Louis, MO). 

Received wiM* .inun Ce0 Utm and ltonor Tbsue Specimens. The NSCLC cell lines listed in 

j^Z^^XL ^ frayed in pan » the payment of ^ JJI?" Th.'Z * t^T ^ °*" CRB **" 

charges. This article mu*t therefore be hereby .narked ocAr,/^ MD) or Were M,ab,lshe d * the National Cancer Institute. Primary tumor 

18 US.C. Scciion 1734 solely to indicate thl« fact. specimens were obtained from the Frozen Tissue Bank at the Cancer Center of 

<rf r2J^S! supI ? r f , i? ?f * IKTI 12 *° d MMI* from the University University of California, San Diego, and from the San Diego Veterans Admin- 

^Zr N ^^ Medical Ceme, All tested tumor specimens were estimated ,„ contain 

! P3OC ^ 3l , 0 !. n - LS ■-^•jfcr^h^rS^SSSE <I0% normal cells. 

tines or Health. Special Ftatdoctonii Research Program in AIDS. T22 TW0O0I l. MeSAdo Phospborylase Assay. Enzyme activity was measured by the 

'The abbreviaticn.ru.ed ore?^/^ ^t^^n^i'ne- MTR I P V methv. ^ ^ ** eariier < 5) * ^ P«« ein 

thtoribose l-phosphate; NSCLC. non-small cell lung cancer; DDATHF. 5 I WidcWet Central,ons WCrc dclermined *>y die method of Bradford ( 15) with bovine scrum 

rahydroWate; Dulbecco s modified Eagle's medium (D-MEM): BBs! buffered borate ^bumm as the standard. 

ST n ; ' <4 ^-^^^^'^Z^iphenyltetrazolium bromide: kDa. kilo- InumnioWot Analysis. Enzyme protein was detected by a semiquantitative 

immunoblotting procedure, as described earlier (3), Briefly, crude extracts 
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Fig. 1. Metabolic map of polyamine synthesis and MeSAdo reuti ligation. AdoMei. 
5-adenosylmclhioninc; dcAdoMet. decaiboxylated AdoMct: MeSAdo. methylthioadcnov 
fne: AdoHcy, ^adcrrosy (homocysteine; I Icy. homocysteine: THE tetrahydrofolatc; Ado, 
adenosine; DMG. dimcthylglycinc. The enzymes involved are: /. methionine adenosyl- 
transferase: 2. AdoMei decarboxylase; J. spermidine synthase; 4. spermine synthase; 5. 
MeSAdo phosphorylase; 6\ AdoHcy hydrolase: 7. methionine synthase; & belaine-ho- 
mocysteine methyllransferase; 9. adenine phrephori nosy (transferase; I0 t AMP deaminase. 



were separated by electrophoresis in 12.5% polyacrylamide gels containing 
0.1% sodium dodecyl sulfate (16). After electmtransfer to polyvinyl idene 
difluoride membranes (Immobilon-P; Millipore Corp., Bedford. MA), nonspe- 
cific binding sites were blocked with \% powdered milk in BBS (0.2 m sodium 
borate-0.15 m NaCI. pH 8.5) containing 0.1% gelatin. The proteins were then 
probed for I h at room temperature with rabbii antiserum to MeSAdo phos- 
phorylase, diluted 1:200 in BBS containing 1% powdered milk. After the 
proteins were washed with BBS containing 0.05% Tween 20, reactive bands 
were detected by the binding of ,25 I-protein-A (I mCi/ml: ICN Radiochemi- 
cals, Irvine. CA) for I h. After washing, the membranes were exposed to 
Kodak XAR-5 film at -80°C 

Growth Inhibition of MeSAdo Phosphorylase-negatlve Cells. Enzyme- 
positive (SK-MES-I) and -negative (A-549) cells were cultured in 96-well 
plates (0.2 ml/well; 5X10 4 cells/ml) with various concentrations of DDATHF 
in D M EM medium containing 10% dialyzed horse serum with or without 
MeSAdo. Alternatively, the cells were cultured in methionine-depleted me- 
dium supplemented with 10% dialyzed horse serum in the presence or absence 
of 16 um MeSAdo. The growth of the cultures was measured spectrophoto- 
meirically with MTT after 4 days of incubation as described previously (17). 

RESULTS 

incidence of MeSAdo Phosphorylase Deficiency in NSCLC. 
Having verified the validity of the immunoassay to quamitate Me- 
SAdo phosphorylase in human gliomas (3), we used the antibodies to 
analyze 19 human NSCLC cell lines (10 adenocarcinomas, 4 squa- 
mous cell carcinomas, 3 large cell carcinomas, and 2 bronchoalveolar 
carcinomas), Immunoblot analysis demonstrated that the 32-kDa band 
corresponding to the homotrimeric subunit of MeSAdo phosphorylase 
was present in 13 cell lines, whereas 6 cell lines (3 adenocarcinomas, 
2 large cell carcinomas, one bronchoalveolar carcinoma) were entirely 
deficient in immunoreactive enzyme protein (Table I). Fig. 2 illus- 
trates the appearance of representative immunoblots. In previous stud- 
ies, the results with the immunoassay were found to correlate perfectly 
with measurements of MeSAdo phosphorylase catalytic activities (3). 
The lack of MeSAdo phosphorylase activity in some of the NSCLC 
cell lines that were deficient in immunoreactive enzyme protein was 



also confirmed by direct enzyme assay (Table 1). We then analyzed 10 
specimens from primary NSCLCs with different histological subtypes 
(Table 2). In immunoblots, the 32-kDa band was not detected in cases 
1, 6, and 9 (Fig. 2B, lanes 2, 7, and 10). These three enzyme-negative 
tumors had the histological characteristics of adenocarcinoma. 

Selective Chemotherapy of Enzyme-deOdent NSCLC We 
tested two chemotherapeutic regimens for the exploitation of MeSAdo 
phosphorylase deficiency in the NSCLC cells. When either enzyme- 
positive (SK-MES-I) or -negative (A-549) cells were cultured in a 
medium containing DDATHF, the growth of both cell lines was mark- 
edly inhibited The concentration of DDATHF for 50% growth inhi- 
bition was 240 or 300 nM for SK-MES-I or A-549, respectively. Why 
the MeSAdo phosphorylase-positive cell line was more sensitive to 
DDATHF is not clear. However, if MeSAdo was added to the same 
medium, only the SK-MES- 1 cells containing MeSAdo phosphorylase 
were able to proliferate (Fig. 3). These data indicate that the combi- 
nation of DDATHF and MeSAdo can selectively inhibit the growth of 

thft f n7yrrw*-negnrive NSCLC cells. 

In normal mammalian cells, methionine is synthesized from ho- 
mocysteine and from MTR-I-P(6-1I). MeSAdo phosphorylase-neg- 

Tablc I MeSAdo phosphorylase deficiency in non-small cell lung cancer cell lines 
Enzyme activities were measured radiochemkaJly. Each value is the mean of at least 
two exterminations and is expressed as nraol of produce fonrted/min/mg of protein. The 



Ceil line 


Histology 


MeSAdo phosphorylase 
Activity Protein 0 


A-427 


Adenocarcinoma 


0.283 


+ 


A-549 


Adenocarcinoma 


<0.0I 




CALU-I 


Squamous cell carcinoma 


0.223 


+ 


CALU-3 


Adenocarcinoma 


0.454 


+ 


CALU-6 


Adenocarcinoma 


0.219 


+ 


SK-LU-I 


Adenocatcinoma 


<0.0! 




SK-MES-I 


Squamous cell carcinoma 


0.261 


+ 


Hs 242T 


Adenocarcinoma 


OJ73 


+ 


H322 


Bronchoalveolar 


<0.01 




H44' 


Bronchoalveolar 


0.119 


+ 


H460 


Large cell carcinoma 


0.194 


+ 


H520 


Squamous cell carcinoma 


N.D. 6 


+ 


H552 


Adenocarcinoma 


0.194 


+ 


H676 


Adenocarcinoma 


N.D. 


+ 


HI264 


Squamous cell carcinoma 


N.D. 


+ 


HI 334 


Large cell carcinoma 


N.D. 




HI437 


Adenocarcinoma 


N.D. 




HIS8I 


Large cell carcinoma 


N.D. 




HI819 


Adenocarcinoma 


N.D. 


+ 



" +. present; -, absent. 
h N.D.. not determined 
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Fig. 2. Immunoblot analysis of representative cell lines M) and primary tumors (0) 
from human non-small cell lung cancers. Crude extracts (150 and 200 ug per lane in A and 
B. respectively) were separated dectrophoretically. transferred to poryvinyltdene difluo- 
ride membranes, ami probed with an antibody against MeSAdo phosphorylase. The bovine 
kidney MDBK cell line (20 fig) and the human lung fibroblast line HLF-a ( 150 ug) were 
used as positive controls. B. lane I. MDBK cells: lanes 2-11. cases I— 10 in Table 2. 
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ToWe 2 Clinical characteristics of primary lung cancers 



Case 


Age (yrVScx 


Tumor type 0 


Stage* 


MeSAdo 
phosphorylase* 


1 


45/F 


ADC 


IIIA 




2 


*/F 


ADC 


I 


+ 


3 


79/F 


LCC 


IV 




4 


*/M 


LCC 


1 


♦ 


5 


32/F 


ADC 


!V 




6 




ADC . 


d 




7 


71/M 


ADC 


1 


+ 


8 


52/M 


ADC 


1 




0 


59/M 


ADC 


1 




10 


65/M 


SQC 


IIIA 


+ 



0 ADC, adenocarcinoma; LCC, large cell carcinoma; SQC. squamous cell carcinoma. 
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Fig. 3. Reversal of DDATHP growth inhibition of non-sir^ll cell lung cancer cells by 
MeSAdo. Enzyme-positive (SK-MES-I) and enzyme-negative (A-549) cell lines were 
incubated for 4 days with the indicated concentrations of DDATHF in D-MEM medium 
supplemented with 10% dlalyzed horse serum in the presence or absence of 16 um 
MeSAdo. Viable cell numbers were compared with controls by the MTT colorimetric 
us?.y. The results ore the uveroge of triplicate experimcnu. O, SK-MES-1 incubated with 
DDATHP alone; SK-MES-I incubated with DDATHP and MeSAdo: A-549 Intu- 
bated with DDATHP alone; ft A-549 Incubated with DDATHP and MeSAdo. 

alive malignant cells might become more dependent on an exogenous 
supply of methionine because of no methionine synthesis from MTR- 
l-P. We carried out experiments to determine whether the proliferation 
of the enzyme-negative cells could be selectively prevented in me- 
thionine-depleted medium supplemented with MeSAdo. The enzyme- 
positive (SK-MES-I) and -negative (A-549) cell lines were cultured 
for 4 days in (a) methionine-containing medium supplemented with 
10% dialyzed horse serum, (b) methionine-depleted medium supple* 
mented with 10% dialyzed horse serum, and <c) methionine-depleted 
medium supplemented with 10% dialyzed horse serum and 16 um 
MeSAdo. The proliferation .of both cell lines, especially of the en- 
zyme-negative A-549 cells, was markedly retarded in medium lacking 
methionine (27 and 3.3% growth of control for SK-MES- 1 and A-549 
cells, respectively). When MeSAdo was added to the some medium, it 
augmented the growth of enzyme-positive SK-MES-I cells (77% 
growth of control). However, the proliferation of enzyme-negative 
A-549 cells was not enhanced in the presence of MeSAdo (4.3% 
growth of control) (Table 3). These data indicate thut the growth of the 
MeSAdo phosphorylase-negative cells may be blocked selectively in 
methionine-depleted, MeSAdo-supplementcd medium. 

DISCUSSION 

The absence of MeSAdo phosphatase was first found in four 
murine leukemic cell lines (18). Among established human malignant 
tumor cell lines, 7 (23%) of 31 cell lines analyzed lacked detectable 
MeSAdo phosphorylase (I). In contrast, all 16 cell lines of nonma- 
lignant origin, derived from lymphoblasts. fibroblasts, and epithelial 
cells, contained substantial enzyme activity (I). The enzyme defi- 
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ciency is not confined to tissue culture cells. Several human leuke- 
mics, as well as a few melanomas, one lung squamous carcinoma 
and a rectal adenocarcinoma, have been reported re lack MeSAdo 
phosphorylase catalytic activity (2, 19). To facilitate screening for 
MeSAdo phosphorylase deficiency, we have generated antibodies to 
the enzyme and Imve developed a simple, semiquantitative immuno- 
blot assay (3). Recently, this assay was successfully used to demon- 
strate that 75% of human glioma cell lines and primary malignant 
gliomas lack MeSAdo phosphorylase (3). 

We have now used the immunoassay to quantitate MeSAdo phos- 
phorylase in NSCLC cell lines and primary tumors. Nine (31%) of 29 
NSCLC cell lines and primary tumors were completely MeSAdo 
phosphorylase deficient. The enzyme deficiency was most frequent in 
adenocarcinoma (6 of 10 enzyme-negative NSCLCs). All normal hu- 
man tissues, including lung, are known to contain MeSAdo phospho- 
rylase (1). Moreover, other studies have shown that RBCs from pa- 
tients with MeSAdo phosphorylase-deficient neoplasms, including 
lung squamous cell carcinoma, have normal enzyme activity (2). 
Thus, MeSAdo phosphorylase deficiency in human NSCLCs is re- 
lated to their malignant phenotype. 

Lung cancer is the leading cause of death from cancer in men and 
the second leading cause in women. There are about 150,000 cases 
diagnosed each year in the United States, with almost 90% of the 
patients dying from the disease within 2 years of diagnosis (20). 
Therefore, it is of critical importance to develop procedures for its 
early detection that are coupled to effective therapeutic strategies. As 
depicted in Fig. I, MeSAdo phosphorylase is related to the polyamine 
biosynthetic pathway and also to a pathway for die recycling of the 
stoichiometric products, adenine and MTR-l-P, to adenine nucleotides 
and methionine, respectively. Based on this metabolic difference be- 
tween some malignant celts and normal cells, drugs such as azoserine 
and methotrexate have been used previously for the selective growth 
inhibition of MeSAdo phosphorylase-deficient leukemia cells (I). 
Neither enzyme-positive nor -negative cells proliferated in a medium 
containing azoserine alone or containing methotrexate supplemented 
with uridine and thymidine. But if MeSAdo was added to the same 
media, only cells containing MeSAdo phosphorylase divided, whereas 
enzyme-negative cells did not. However, because thymidylate synthe- 
sis is also inhibited by methotrexate and because azoserine is too toxic 
for clinicul use, these strategies have not been tested in vivo. Recently, 
a new folate analogue, DDATHF, was found to inhibit glycinamide 
ribonucleotide transformylase, one of the key folate-dependent en- 
zymes in de novo purine synthesis (13). The cytotoxic effects of 
DDATHF are reversed by purines (12). Our data indicate that 
DDATHF combined with MeSAdo can selectively prevent the prolif- 
eration of MeSAdo phosphorylase-negative cells in medium depleted 
of exogenous purines by dialysis. In vivo, purines can be obtained 
from dietary sources. However, in phase I studies, DDATHF has been 
found to have significant antitumor activity against various murine 

Table 3 Selective kitting of MeSAdo pHospnorytase-negmtve cells 
Cell* were seeded at a density of 5 x I0 4 colls/ml in methionine-depleted medium 
supplemented wiih 10% dialyzed horse serum in the presemv or absence of 16 um 
MeSAdo, Control cell cultures contained methionine-containing medium supplemented 
with 10% dialyzed horw serum. After 4 days, viable cell numbers were determined by 
MTT assay. The results are the means ± SKM in a I OK 







Growth {% of control)* 
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Enzyme 
status" 


Methionine free 
Without MeSAdo With MeSAdo 


SK-MES-I 
A-549 
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27 ±2.6 77 ±4.7 
3.3 ±0.6 4.3 ±1.1 



° ♦. present; -. absent. 
* Percentage of control growth = 100 x (cell growth is methionine-depleted medium 
with or without MeS Ado V< cell growth in methionine-containing medium). 
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and human solid tumors (21, 22). This suggests that diet alone cannot 
supply sufficient purines to support the proliferation of the malignant 
, cells. Furthermore, folinic acid and folic acid decreased the toxicity, 
but not the antitumor activity, of DDATHF (21, 22). The increased 
tumor specificity of DDATHF coadministered with folinic acid or 
folic acid is likely due to the competitive interaction of these com- 
pounds with membrane-associated folate-binding proteins (23). The 
specificity of DDATHF plus MeSAdo for MeSAdo phosphorylase is 
based on an alternative biochemical rationale. Therefore, it is con- 
ceivable that one can use DDATHF combined with folinic acid/folic 
acid and MeSAdo to prevent the growth of enzyme-negative malig- 
nant cells more specifically than with DDATHF combined with either 
folinic acid/folic acid or MeSAdo. 

Methionine dependency is a well-known characteristic of some 
malignant cells (24, 25), although its metabolic basis is unclear. Since 
MTR-I-P, one of the products of the MeSAdo phosphorylase reaction, 
is recycled lo methionine, the loss of the enzyme will interfere with 
methionine salvage from MTR-I-P. Our data indicate that only en- 
zyme-negative NSCLC cells fail to grow in vitm in methionine- 
depleted, MeSAdo-supplemented medium. However, we did not 
achieve two full logs of cell kill during the period of exposure. 
Although this might theoretically limit the clinical effectiveness of the 
chemotherapeutic protocol, Kreis et al. (26-29) have shown that pu- 
rified L-methioninase (L-methionine-a-deamino-y-mercaptomethane- 
lyase), an L-methionine-degrading enzyme, effectively lowered 
plasma methionine levels and significantly inhibited the growth of 
Walker 256 carcinoma in rats, with negligible toxicity (25). Taken 
together with our data, these results suggest that chemotherapy with 
L-methioninase and MeSAdo may be selective for MeSAdo phospho- 
rylase-negative NSCLC cells in vivo, under conditions in which nor- 
mal cells can utilize MeSAdo to supplement methionine through the 
recycling pathway of MTR-l-P, the product of MeSAdo cleavage. 
Since L-methioninase. in the presence of pyridoxal 5' -phosphate, also 
catalyzes the a,y elimination of L-homocysteine (30), the antitumor 
activity of L-methioninase and MeSAdo against enzyme-negative 
NSCLCs should not be prevented by the reconversion of homocys- 
teine to methionine. 

Thus, the common presence of MeSAdo phosphorylase deficiency 
in human NSCLC may facilitate the selective chemotherapy of this 
common malignancy. 
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quently removed, then progressive renal failure, characterized 
by glomerular sclerosis, interstitial fibrosis and uraemia, can 
follow 11 . We suggest that the fibrosis in treated kidneys results 
from damage sustained before taxol was adn ministered. Histolog- 
ical examination of the brain, heart, lung, liver and spleen of 
taxol-treated polycystic mice did not reveal any gross abnormali- 
ties. Normal control mice (n = 6) treated for 200 days with 
weekly doses of taxol have normal kidney histology. In addition 
to the survival data and renal histology, the retardation of dis- 
ease progression in taxol-treated cpk mice was confirmed by 
measurements of the kidney weight, body weight and serum 
creatinine levels (Table 1 ). 

Because taxol interferes specifically with microtubule 
functions 12 , it has antimitotic properties. Inhibitors of DNA syn- 
thesis were therefore evaluated for their ability to inhibit cpk 
cyst formation in vivo. Weekly interperitoneal injection of 15 ul 
of 1.1 mgrnl" 1 methotrexate produced a reduction in growth 
comparable to that *n mice treated with 15ul of tOmgml 1 
taxol. This sublethal weekly methotrexate treatment had no 
effect on the survival of polycystic cpk mice (Fig. 2). Sublethal 
doses of cytosine arabinoside (ara-C) were also ineffective (data 
not shown). Moreover, as doses of methotrexate and ara-C 
sufficient to inhibit DNA synthesis did not block lumen forma- 
tion in vitro, the increased proliferative potential of PKD 
epithelia 13 16 probably does not play an important part in cyst 
formation but may generate cells to line expanding cysts. 

Apart from their role in mitosis, microtubules contribute to 
and maintain cellular architecture. They also participate in mem- 
brane vesicle trafficking 17 , exocytosis and endocytosis 18 , and the 
movement of intermediate vesicles between the endoplasmic 
reticulum and Gol^ 19 * 20 . During the formation of trophecto- 
derm, microtubules play important parts in the biogenesis of 
epithelial polarity 21 ". After polarity is establisned, specific 
pathways deliver secreted and membrane proteins to their target 
membrane domains and, although these sorting processes are 
not well characterized, microtubules are clearly involved 23 * 24 . 
Our data implicate the microtubule network in the genesis of 
PKD cysts both in vitro and in vivo. It remains to be determined 
whether altered tubulins or altered microtubule-associated pro- 
teins are primary lesions in cpk mice or other forms of PKD. It 
is feasible that aberrations of cellular functions mediated by 
microtubules may lead to the apical mislocation of Na + , K*- 
ATPase and epidermal growth factor receptors in both human - 
and murine PKD 26 . Finally, the ability of taxol to prevent the 
uracmic death in a mouse model for PKD suggests that taxol or 
its analogues may be useful in the treatment of human polycystic 
kidney diseases. D 
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Cytogenetic abnormalittes of chrumosome 9p21 arc character- 
istic of malignant melanomas 1 * 2 , gliomas 3 , lung cancers 4 and 
leukaemias 5 . From a panel of 46 human malignant cell lines, we 
localized by positional cloning the most frequently deleted region 
on 9p21. Sequence analysis of the isolated fragment reveals two 
open reading frames identical to the recently described complemen- 
tary DNA for the inhibitor of cydin-depeodent kinase 4 ( CDK4 f. 
Polymerase chain reaction and Southern blot analysis confirmed 
the frequent deletion or rearrangement of the CDK4-faMbftor gene 
in melanomas, gliomas, hmg cancers and leukaemias, and the 
absence of detectable gene transrripts. One carcinoma had a dele- 
tion entirely within the CDK44ihibitor gene. The CDK4-mhibttor 
gene from a patient with dysplastic nevus syndrome had a germ- 
Ime nonsense mutation. The CDK4 inhibitor is thought to be a 
physiological suppressor of proliferation. Cetts unable to produce 
the inhibitor may be prone to neoplastic transformation. 

Many malignant cell lines with chromosome 9p21 deletions 
either lack the_enzyme methylt hioa denosine p hosphory lasc 
( MTAP). ^ have hemizygous or homozygous deletions oflhe 
inierferon-a (IFN~a) gene cluster 5 7 8 . The l"98G g iioma cell line 
has a small 9p deletion centromeric io thTTTW-a locus, but 
has normal methylthioadenosine phosphorylase activity 3 . These 
results suggested that the putative tumour-suppressor gene on 
chromosome 9p resided between the MTAP and IFN-a loci. 

lvfTAP~pDNA was isolated jmd„used to, prooe^a^ human 
placemFA^pKagT library. A 2-kilobase (kb) /Ymdlll fragment 
(clone 7-2) contained the 3' end of the M TAP gene by sequence 
analysis. Chromosome walking was performed, starting with the 
3' end of MTAP. Several screening cydes of PI phage , and 
suhseoiipnt i-nhage libraries led to rhe i5snlatinn of doses encom- 
passing the deleted region in T98G. Restriction fragments of 
these phage were subcloned, partially sequenced, and mapped 
by Southern blotting and pulsed-field gel electrophoresis. Figure 
1 shows the map of human chromosome 9p21 between the 
MTAP and interferon-/? (IFN-fi) gene loci, focusing on the 
deleted segment in T98G. 

The polymerase chain reaction (PCR) was used to determine 
the frequency of deletion of several-tagged sites (STS) from 
chromosome 9p in 46 different human malignant ceNJmes (Table 
I ). Depending on the cell type, either STS 54F or SlS 5BS was 
deleted most frequently. These results focused our attention on 
the 50-kb region between STS 54 F and STS 5BS. 

Eight malignant cell lines with breakpoints between 54F and 
5BS were then analysed by STS-PCR, with new probes from 
the intervening region. The deletion maps are shown at the 
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TABLE 1 Homozygous loss of chromo some 9p tocl in human cancer cells 



Frequency of negative STS-PCR (%) 




bottom of Fig. I. A !9-kb A-phage clone (10B1) identified the 
most frequently deteted site. We concluded that the 10B1 phage 
should contain part of the putative tumour-supprcssor gene 

The sequence of a piasmid subclone (10B1-10) from 1081 
contained a 306-base-pair (bp) open reading frame with 
seouence identity to the 3' region of the recently described cON A 
for the human cyclin-dependent kinase-4 (CDK4) inhibitor, 
apart from the last 15 bp 6 (Fig. 2a). The 3' end of the coding 
region, and the 3' non-coding region, was located 2.6 kb towards 
MTAP The 'J end of the gene was telomeric to the deleted 
region in T98G (Fig. 1). We rescreened the 46 malignant cell 
lines with STS-PCR primers, corresponding to the isolated frag- 



ment of the CDK4-inhibitor gene, designated CDK4I in Table 
I Sixty-one per cent of melanomas, 87% of gliomas, 36 A of 
non-small-cell lung cancers, and 64% of leukaemias have homo- 
zygous deletions of the CDK41 gene fragment. Melanoma cell 
line WM266-4 has only the 5' end of the CDK4-inhibitor gene 
deleted. It was positive for STS CDK4L negative for STS SBS, 
and produced an abnormal 7.0-kb band after EcoKl digestion, 
electrophoresis and hybridization to a probe from the 5' region 
of the CDK4-inhibitor gene (Fig. 2c). On the other hand, melan- 
oma cell line SK-MEL-31 has only the 3' end ot the cDk4- 
inhibitor gene deleted. It was negative for STS CD4KI (Fig. 
26), but produced a normal 4.0-kb band, indistinguishable from 
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FIG. 1 Physical map of chromosome 9p21 between the MTAP and tFN-p 
gene loci. a. The PI phage clones and A-phage clones are Indicated by 
thin lines. The sequence-tagged sites (STSs) used for PCR are shown 
as cross-hatched bars. The COK4/ and C0K4W sequences come from 
phage 10B1 and are separated by e 2.6-kb intron. These 11 STS-PCR 
assays localized the approximate breakpoints in the nine malignant cell 
lines with the most informative deletions. SK-MEL-31 and WM 266- 
4 are melanomas: T98G Is a glioma; 8V173, CEM, and MCi.T-4 are 
leukaemias; A-427 and SK-MES-1 are non-small-cell lung cancers; 
Detroit 562 is a pharyngeal carcinoma. Homozygous deletions are indi- 
cated by thin horizontal lines. Asterisk indicates that the location of 
COK4/5' In the 190-kb Sffl fragment is not precise. F, Sffl. b, STS- 
PCR analysis. All STS-PCR amplified fragments of the expected size in 
J640-51 cells containing a single human chromosome 9 on a Chinese 
hamster background (data not shown). Lanes: 1, human placenta; 2, 

754 




SK-MEL-31; 3. WM 266-4; 4. T98G; 5, BV173; 6, CEM; 7. MOLT-4; 8. 
A-427; 9. SK-MES-1; 10, no template DMA; 11, DMA markers. 
METHODS, a. The AMTAP1 clone was obtained by screening a human 
placenta AF1X II genomic library (Stratagene) with MTAP cDNA. A 2-Kb 
W/ndW fragment containing the 3' end of u.e MTAP gens was us.d for 
chromosome walking in human PI phage (Genome Systems), A-phage 
(Stratagene). and chromosome-9-speclfic charon-40 phage iLL09NL01, 
ATCC) libraries. Clones encompassing the 190-kb region were Isolated, 
subcloned, partially sequenced, and mapped by southern and puteed- 
field-gel blotting. 0, STS-PCR was developed on the basis *f t: t -i partial 
sequences of the subclones. PCR amplification was done under con- 
ditions described in Table 1. PCR products were resolved on a 2% 
agarose gel. 
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CCX4X 

GAATTCATTG TGTACTOAAO AATGSATAOA GAACTCAAGA Agg*«»tt9Q «««ctgg**9 
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FIG. 2 Absence or rearrangement of the CDK4-inhibitor gene in malig- 
nant cell lines, a, Partial sequence of the genomic CDK4-inhibitor gene. 
The genomic sequence designated CDH4I has a 306-bp open reading 
frame with complete sequence Identity to CDK4-inhibttor cDNA. from 
nucleotides 192 to 497 (underlined). The C0K4I3' sequence has a short 
open reading frame (underlined) corresponding to the last 15 bp of the 
coding region, with a stop codon and the 3' non-or 'ng sequence, 
except for two nucleotides (T at 197 and A at 493). b. PCR analysis of 
malignant cell lines. Primers for CDK4I. shown as lower-case letters in 
a, were used to amplify an expected 167-bp product in human placenta 
(lane 1) SK-MEL-31 (lane 2). WM 266-4 (lane 3). T98G (lane 4). BV173 
(lane 5). CEM (lane 6), M0LT-4 (lane 7), *427 Oane 8). and SK-MES-i 
(lane 9). Lane 10 has no template DNA. Lane 11 shows DMA markers, 
c, Southern blot analysis of melanoma cell lines hybridized to probes 
2a2 and CDK4I5'. In Sffl-digested putsed-field blots, 2a2 hybridized to 
a 54-kb fragment C0K4I5' hybridized to a 190-kb fragment which was 



4kb « 




7kb 



CDK4I5' 



also detected with the 3.3B probe in the same blot (data not shown). 
Lanes: 1. human placenta; 2. Hs294T; 3. HT144; 4. RPMI7951; 5, SK- 
MEL-1; 6. SK-MEL-2; 7, SK-MEL-3; 8. SK-Ma-28; 9. SK-MEL-31; 10. 
WM 266-4, 

METHODS, a. Phage DMA of clone 1081 was digested with EcoRI and 
subcloned into EcoRI-cut pBluescriptll SK<+) (Stratagene). SubJones 
were subjected to automated DNA sequencing. The 4.2-ko subdone 
1081-10 contained both the CDK4I and the CDK4I3' sequences. 6. 
PCR amplification was carried "out as described in Table 1 legend except 
that 35 cycles were performed and annealing was at 64 C and exten- 
sion at 72= C. PCR was followed by gel electrophoresis, c. ONAs from 
human placenta and melanoma cell lines were digested with EcoRl, 
resolved on a 03% agarose gel. and transferred to nylon membranes. 
2a2 is a 1.3-kb EcoRWfhol fragment of phage done 2a. CDK4I5' Is a 
139-bp product generated by RT-PCR. cONA from cell line H661 was 
amplified by PCR using a sense primer (5'-AATTCGGCACGAGGCAGCAT- 
3-) and an antisense primer (5"-TTATTTGAGCTTTGGTTCT G-31- PCR pro- 
ducts were subdoned and sequenced. Clone p7-4 contained the 5' 
sequence of CDK4-inhibitor cDNA. A 139-bp product was amplified from 
done p7-4 with a sense primer and a new sntiserse primer (5'- 
TCGGCCTCCGACCGTAACTA-3*) and used for Southern blotting. Hots 
were hybridized at 65 C C overnight washed at 65 C in 0-lxSSC 
containing 0.1% SOS, and exposed to X-ray film. After stripping off 
radioactivity, the same membrane was lehybridized with probe 2a2. 



FIG. 3 Reverse transcriptase-PCR amplification of CDK4-inhibitor mRNA 
from human malignant cells lines. The glyceraldehyde 3-phosphate 
dehydrogenase gene (G3PDH) mRNA served as a control. WI-L2 In lane 
1 is a normal lymphoblastoid cell line. U937 in lane 2 Is a leukaemia 
ceil line. T98G in lane 3 is a glioma cell line. H661 in lane 4. A-549 in 
lane 5, and SK-MES-1 in lane 6 are non-small-cell lung cancer cell 
fines. Lane M shows DNA markers. STS-PCR analysis confirmed the 
presenca of STS CDK4! in W1-L2, U937, and HS61 (data not shewn). 
T98G and SK-MES-1 have the 9p21 delri is shown in Rg. la. The 
deletion in cell line A-549 spans STS MTAP to 71F (data not shown). 
CDK4-inhibftor mRNA was not detected in cell lines with 9p21 deletions 
that induded the CDK4-inhibitor gene. 

METHODS. mRNA was purified with a FastTrack kit (invitrogen) and was 
treated with RNase-free DNase I (Pharmacia) using human placenta 
DNA as a control to ensure complete digestion by DNase I. After first- 
strand cDNA synthesis with a Stratascript RT-PCR kit (Stratageoe), cDNA 
was amplified with the CDK4I3' primers shown In lower-case in Fig. 2a 
(58 X annealing and 70 °C extension). Primers for the G3PDH gene (5 - 
TGGTATCGTGGAAGGACTCATGAC-3' and 5-ATGCCAGTGAGCTTCCCGT- 
TCAGC-3') amplified a 190-bp product (55 X annealing and 72 'C 
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CDK4I3' 
G3PDH 



extension). RT-PCRs for CDK4I3' and G3PCN were done separately and 
resdvedona2%agarosegelbyloacHng 

product was amplified in DNase treated human placenta DNAwfth the 
C0K4I3' primers, the 355-bp RT-PCR product seen * lanes 1. 2 and 
4 was derived from cDNA. Sequence analysis of the RT-PCR products 
confirmeri the CDK41 cONA sequence. 

755 



LETTERS TO NATURE 



placental DNA, after EcoKl digestion, and hybridization to the 
5'-region piobe from the CDK4-inhibitor gene. The most infor- 
mative cell line was Detroit 562 (a pharyngeal carcinoma) which 
has a 29-kb deletion within the CDK4-inhibitor gene (Fig. 1). 
It was positive for STS CDMf* negative for STS CDK41 but 
positive for STS 5BS and STS 71 F. The last two STSs are cen- 
tromeric to the 5 # end of the CDK4-inhibitor gene. 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 
assays revealed CDR4-inhibitor gene transcripts in normal cells, 
but not in cancers with established deletions of the CDK4- 
inhibitor gene (Fig. 3). Collectively, these results indicate that 
human cells contain a single CDK4-inhibitor gene, which is 
homozygously deleted or rearranged in the majority of melan- 
omas, gliomas and leukaemias, and in almost one-third of non- 
small-cell lung cancers. - 

The complexes formed by CDK4and the D-tvpecychns control 
passage through the Gl phase of the cell cycle 6 . The inhibitor of 
CDK4 is a protein of relative molecular mass 16K which binds to 
and inhibits the catalytic activity of the CDK4/cyclin D enzymes. 
Because it is a negative regulator of cell-cycle progression, the 
inhibitor of CDK.4 may be inactivated during cancer 
development' 0 . The product of the P 53 gene also inhibits growtii 
by stimulating the production of a CDK-inhibitory protein 



About 10% of melanomas are familial 2 . Linkage analyses have 
pinpointed the locus fnr- familial melanoma to the region on 
9p21 that is deleted in sporadic melanomas 13 . Sequence analysis 
of the CDK4I coding region of a rymphoblastoid cell line 
(GM06921) derived from a patient with dysplastic nevus syn- 
drome (familial melanoma) showed a C to T transition at posi- 
tion 166 of the mRNA 6 resulting in a nonsense mutation. Thus 
the CDK4 inhibitor is a strong candidate for the melanoma 
susceptibility g ene. E 
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Pancreatic Islet eell toxicity of 
amylln associated with type-2 
diabetes mellltus 
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The 37-amino-add polypeptide amylin is the principal constituent 
of the amyloid deposits that form in the Islets of Langerhans in 
patients with type-2 diabetes mdUtns 1 ' 5 , but its role in the patho- 
genesis of this disease is unresolved 6-8 . In view of the met that the 
P-amy loM protein thst forms fibrils in Alzheimer's disease is toxic 
to wuroifa , we have investigated whether amyfin fibrils could 
be toxic to pancreatic islet ceils. We show here that human amylin 
is toxic to msuli&prodncmg 0~ceUs of the adult pancreas of rats 
and humans. This toxicity is mediated by the fibrillar form of the 
amylin peptide and requires direct contact of the fibrils with the 
cell surface. The mechanism of ceD death involves RN A and protem 
synthesis and is characterized by plasma membrane blebbing, chro- 
matin condensation and DNA fragmentation, indicating mat amy- 
lin induces islet cell apoptosis. lhese findings radicate mat amylin 
fibril formation in the pancreas may cause islet cell dysfunction 
and death in type-2 diabetes meOitns. 

Islet cell cultures were established from adult rat pancreas 
and cell viability was assessed by a double-fluorescence assay. 
Exposure to human amylin resulted in substantial rat islet cell 
death alter 24 h (Fig. la. 6). Immunocytochemical analysis 
showed that human amylin caused the degeneration of 97 ± 1% 
(meanis.e.m., /i=15; /><0.001 by ANOVA) of insuiin- 
producing islet cells (Fig. Ic, d). Amylin was also toxic to human 
islet cells isolated from the pancreas of a 39-year-old woman. 
Incubation of dissociated human islets with human amylin 
resulted in the degeneration of 91 ±2% (n=15; J>< 0.001) of 
insulin-producing islet cells (Rg. \e.f). Incubation of non-disso- 
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FIG. 1 Toxicity of human amylin for rat and human pancreatic islet ► 
celte. a. Control rat Islet cells treated with vehicle and then incubated 
with cafcein-AM and propldium iodide. Eplfiuorescence microscopy 
shows viable cells which convert the calceln-AM substrate to a green 
fluorescent product b. Rat Islet celte after treatment with 20 uM human 
amylln for 24 h. There are many dead cells wh^h show r 3 fluorescence 
due to nuclear uptake of propidlum Iodide and few viable ceirs which 
show green calceln fluorescence. Insulin Immurwcytocherntetry of con- 
trol (c) and human amylin-treated rat Islet (d) cells; e, control, and f. 
human amylin-treated human islet cells; g, control, and ft, human 
amylin-treated, norvdissoclated human islets. Note the degeneration of 
Insulin-posrave Islet cells after exposure to human amylin (arrows*. 
Scale bars: a, 40 urn; c. e and g, 20um. 

METHODS. Islet cell cultures were maintained for 3-4 days (>90% 
viability) and then treated with vehicle or 20 uM human amylin for 24 h. 
Pancreatic islets were isolated by perfusion of the rat pancreas (from 
adult male Sprague-Dawley rats weighing 180-200 g) with 
collagenase 27 . Human Islets were isolated from the pancreas of a 39- 
year-old woman as described 28 . Isolated Islets were dissociated by 
Incubation in trypsin-EDTA for 10 min at 37 °C and repetitive trituration 
with a Pasteur pipette. Dissociated Islet cells or norvdissoclated islets 
were cultured in lS-mm tissue-culture wells on glass coverslips coated 
with Matrigel (Collaborative Biomedical Products) in 300 ul per well 
of RPMI 1640 medium supplemented with 10% fetal bovine serum, 
100 U ml -1 penicillin and 100 ugmP 1 streptomycin. LyophiUzed pep- 
tides were dissolved In water to 346 uM and Immediately added to the 
culture medium at the indicated concentration. An equal volume of 
sterile water was added to control cultures. Cell viability was determined 
by the calcoin-AM/propldium iodide double-staining method (Molecular 
Probes) 29 . Culture medium was removed alter treatment and cells were 
Incubated with luM cafcein-AM and lOugml 1 propldium iodide m 
phosphate-mnrered safine iroS) for 10 min at 37 ~C Vlabie cefe cleave 
caJcein-AM to calceln. producing uniform green fluroescence; dead cells 
take up propldium iodide into the nucleus, resulting in Intense red 
fluorescence. Green and red fluorescence were simultaneously vis- 
ualized using a Nikon transmission microscope equipped with a double- 
pass filter. For immimocytochemistry, cultures were fixed In 4% parafor- 
maldehyde, 0.12 M sucrose m PBS, pre-mcubated with swine serum 
and stained with a polyclonal primary antibody against Insulin using the 
DAKO PAP kit Fixed sections of pancreatic tissue were used as a posi- 
tive control. The viability of msuUn-positive ceils was determined &y 
propldium Iodide staining and scored as described in Table 1 legend. 
HPLC-purified human, rat and cat amylin (fulHengtfi 37-amino-add 
peptides) were obtained from Bachem California and Peninsula Labora- 
tories. Human amylin from both sources gave the same results. Pep- 
tides were analysed by laser absorption mass spectroscopy (einyMnM, 
values: human 3.903 ±2 (rnean±s.e.rn.. n=8; predicted M, 3.904); 
cat 3.910±l<n=3; predicted M, 3,909); rat 3^19±2(n=»4. predicted 
M r 3,921)). 
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Absence of Methylthioadenosine Phosphorylase in Human Gliomas 1 

Tsutomu Nobori,' James G. Karras, Fulvio Delia Ragione, Thomas A. Waltz, Pojen P. Chen, and tews AXiMn 

JSikiK* Scrim Clinic and Research Mute, la Jolla. Cal,forn,a 920S 7 fT. A. H ./ 

ies bound to the 32-kDa MeSAdo phosphorylase subunit in all 
ABSTRACT enzyme-positive cell lines. In contradistinction, no naturally 
All normal mammalian tissues contain methylthioadenosine phospho- o^^ng enzyme-deficient malignant cell line had immunore- 
rylase, which plays a role in die recycling of purines and methionine MeSAdo phosphorylase protein. Having established the 
consumed during polyamine synthesis. A complete deficiency of methyl- ^ q{ ^ iinmunoassa y, w used it to assess MeSAdo 
thioadenoslwphosplicTylasehaslieenre^ phosphorylase in human gliomas. The results showed that 9 of 
and lymphomas and in a few solid tumors. The exact \ 2 £ ' ce „ , ines and tumors had undetectable enzyme pro- 
enzyme fcfkiencyan^ng fresh hun»n.unws^^ eln Sdo phosphorylase deficiency thus represents a de- 
^rlous^ -tabolic'abnLality that distinguishes a common and 

usua,, y incurab,e human *** tumor from norma, w 

them to develop a simple immunoblot assay for the enzyme. Specifically, 

studlcsshowedtlwtallcellswithcatalyticallyactivemethylthioadenosiiie MAXERIALS AND METHODS 

SSK IttfRS ff - Ce„ Lines and Tumor Busies. The cel, 

n imSMk inHn methylthioadenosine phosphorylase activity lacked Table i. Among human leukemic cell lines. BV 173 K5«, K-TI, and 

iSSCSuSmLc^tm protein. The Immunoassay was used SU p. T8 were provided by Dr. M O Diaz (U"«v«| V of Chicago) and 

to analyze huSngllomos. Seventy-five % (9 of 12) of the gliomas were MoU . l6 was provided by Dr. J. Minowada <^"^ 

deficient (approximately 6.6% of wild-type enzyme activity). 
INTRODUCTION Brain tumor D j ops jes were obtained during surgery and were imme- 

orostate tissue (1). The substrate for this enzyme, MeSAdo, is 



produced during the synthesis of the polyamines spermidine 
and spermine and is cleaved into adenine and 5-methylthiori- 
bose 1 -phosphate, which are recycled to AMP and methionine, 
respectively. MeSAdo phosphorylase activity has been reported 
to change during the cell cycle (2). Recently. MeSAdo phos- 



MeSAdo Phosphorylase Assay. Enzyme activity was measured by the 
radiochemical method of Pegg and Wffliams-Ashman (1), using 
|methyl- 5 H]MeSAdo as the substrate, exactly as described **^J*\ 
The protein concentrations were determined by the method of Bradford 

° 0 An#!-Fn,vm P Antibodies. MeSAdo phosphorylase was purified from 

c „ m f . c«..z»m»I frvntii* 



n u nnflfl rlnr.no the cell evele (2). KCCenilV, 1VIC3/\uu "iius- &nt .Knrvmc AminnoieK. mw«uujin«!ii»«.«.»«- — «■ - 

ClaSht^tmSily purifiedU hu ma „ P la- ^ ^-£^Z^^*EZX 

centM3). The enzyme has a molecular mass of 98 kDa and . PJ*;^ and* (.4 

composed of three identical summits of 32 kDa. # Soac^ 

MeSAdo phosphorylase is abundant in all normal tissues and J-^JgK ««• (■» A » " 

in cell lines derived ft om normal cells (4). In contrast, many ^ ^ ^ terminus t0 facimate chemical coupling 

murine and human malignant cell lines are deficient in MeSAdo ^ (he carrier prowin KLH with m . ma ieimidobenzoyl-Mhydroxysuc- 

phosphorylase activity (4, 5). The deficiency is not confined to cim . dc estcr> as described by Liu « tt l . (13). immanixe A 

I...... „.i:. .it. i n_7ft% of human leukemias. as well y M i an A white rabbits (two rabbits per peptide) were immunized 



uiiuiiiiKiiiiiwv x-' . „ v.miac esier, as new™*™ «j ....„„ :„ ml , n i7Pd 

tissue culture cells. From 10-20% of human leukemias, as well New zc a , an d white rabbits (two rabbits per peptide) were »nm«d 

Ta few meUinomas, lung carcinomas, and rectal adenocarci- on a bimon , h |y basis with the peptide-KLH 

^m^have been reported to lack MeSAdo phosphorylase (6, injections contained 1 mg of «*^P« ttd ^. c £^ 1 e ^ 

ToSrKt a°si for MeSAd'o phosphorylase Hed in F-^s 

catalytic activity requires commercially unavailable radiochem- anjgen n ^^^^^Smm^ sulfate and were 

ical substrates, and because the enzyme activity is unstable, the "JJ^J^ 3 ^ tide and a mi-MeSAdo phosphorylase react.vrt.es 

true incidence of the deficiency in naturally occurring human * Jjsa. .„ m «- a ,„ 

tumors has not been clearly established. EUSA . Microtiter plates were precoated with pepudes tor 

To overcome this problem, we have generated antibodies phosphorylase at 10 n/m\ in BBS (0.2 m sodium borat*0.15 i m Nau, 

ag ainst MeSAdo pho sphorylase. In immunoblots, the antibod- ^^J^^jS^SSi ~I 2 ? 

taming u.v. # i. .».t~w*nifu* Kinrfino sites. 



taming u.vn/o i ween aw »«u . . 

containing 1% bovineserum albumin to block J J»?^»22"^ 
Several dilutions of a control serum or P?^'"^"!^"^ 
then applied in 0.1-ml aliquots and incutated overn.ght n The plates 
S washed twice with BBS containing 0.05% Tween . 20. and then 
Z*** for 1 h to alkaline phosphatase-.abe.ed goat F(ab- , amwabb. 
immunoglobulin (Jackson Uboratones, Inc., West Grove PA) at a 
dilution of 1:1000 in BBS. After the plates were , washed, 0^2 ml of 01 
Mrfirine'uni'viiSw of ciliforlia. San Diego. La Jolta. CA 92093-0945. M n. n itrophenyl phosphate disodium in 0.1 m NaHCOj. pM»* 

M ^^nrS^^S^. Lihylthioadenosine; KLH, keyhole ^ tQ ^ ^ xhe absorp , ion a , 40S nm was measured 30 mm 
limpet hemocyanin; ELISA, eniyme linked immunosorbeat assay. BBS, buffeted ^ 
borate saline. 
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Table 1 MeSAdo phosphorytase activities in cell tines 
Enzyme activities were measured radiochemically. Each value is the mean of 
at least two determinations and is expressed as nmol of product foi med/min/mg 

of protein. , . , 

Enzyme 

activities 

0.42 
<0.0I 
<0.0I 
<0.0I 
<0.01 

<o.ot 

0.59 
0.S8 
<0.01 
0.26 
0.29 
<0.0I 
<:0.0l 
0.34 
<0.0! 

0.50 
<0.01 

0.44 

0.77 
<0.01 

1.36 
0.09 
<0.01 

<0.01 

• CML. chronic myelogenous leukemia; ALL, acute lymphocytic leukemia. 

* Cells were obtained from American Type Culture Collection (Rockville, MD), 
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40 showed 50% maximal response against the immunizing 
peptide at a 1:5000 dilution and against purified MeSAdo 
phosphorylase at a 1:1500 dilution. Antiserum 6120 raised 
against peptide 51 showed 50% anti-peptide response at a 
1:10,000 dilution and reacted with the enzyme at a 1:4000 
dilution. 

Fig. 1 illustrates immunoblots of purified bovine MeSAdo 
phosphorylase probed with the two antibodies. The specificities 
of the two antisera were established by blocking experiments, 
in which immunoblots were probed with antisera preincubated 
with either peptide or MeSAdo phosphorylase. The reactivity 
of each antisera with MeSAdo phosphorylase was completely 
inhibited by preincubation with the same peptide as that used 
for immunization. Furthermore, the reactivities of antisera 
decreased significantly (>50%), when the antisera were prein- 
cubated with intact MeSAdo phosphorylase. On the other hand, 
when antisera against peptides 40 and 51 were preincubated 
with another MeSAdo phosphorylase peptide (peptide 22), 
there was no significant inhibition of the reactivity with Me- 
SAdo phosphorylase (Fig. I). In addition to a single major band 
corresponding to the 32-kDa subunit of MeSAdo phosphoryl- 
ase, several minor bands were observed on the autoradiographs. 
These were nonspecific, since the identical bands were detected 
using preimmune sera and were not inhibitable by preincubation 
with peptides (results not shown). Collectively, these results 
indicate that antisera 6117 and 6120 were both specific for 
MeSAdo phosphorylase. 

To test whether or not the antisera had species specificity, 
cell extracts made from human, cow, mouse, and monkey cells 
were analyzed by immunobiotting. As illustrated in Fig. 2, 
antiserum 6117 recognized the enzyme protein in the cells of 
all species analyzed (similar results were obtained with antisera 
6120). Compared to MDBK (cow) cells, mouse, human, and 
monkey cells displayed weaker immunoreactivity in this order, 
when the same amount of total cell protein was analyzed by gel 
electrophoresis. Based upon a standard curve obtained with 
purified MeSAdo phosphorylase (Fig. 3), we estimate that 
bovine MDBK cells contain 0.25 Mg MeSAdo phosphorylase/ 
mg protein. 

Approximately 20% of human leukemic cell lines have no 
detectable MeSAdo phosphorylase catalytic activity (4). How- 
ever, it is unknown whether these cell lines have immunoreac- 
tive enzyme protein. To address this issue, several cell lines 
with no detectable enzyme activity were analyzed by immuno- 
biotting with the anti-enzyme antibodies. As illustrated in Fig. 
2, all of eight enzyme-positive cell lines, but none of eight 
enzyme-deficient cell lines, had immunoreactive enzyme pro- 



Immunoblot Analysis. The reactivity of the ami peptide antisera with 

MeSAdo phosphorylase was assessed by an immunoblot method as 

described previously (14). Briefly, either purified MeSAdo phosphoryl- 
ase protein or crude cell extracts (10-150 Mg/lane) were separated by 

electrophoresis in 12.5% potyacrylamide gels containing 0.1% sodium 

dodecyl sulfate (15). After electrotransfer to nitrocellulose membranes 

(0.45 mm; Bic-Rad, Richmond, CA), nonspecific binding sites were 

blocked with 3% powdered milk in BBS. The proteins were then probed 

Tor 16 h at room temperature with antisera diluted 1:500 in BBS 

containing 3% powdered milk. After the proteins were washed exten- 
sively with BBS, reactive bands were detected by the binding of '"1- 

protein A (1 mCi/ml; ECN Radiochemicals, Irvine CA) for I h. The 

membranes were washed and blotted onto paper towels and exposed to 

Kodak XAR-S film at -70*C. 
Specificity studies were carried out by inhibition of serum-immuno- 

blotting activity with the peptides used to immunize the rabbits or with 

partially purified MeSAdo phosphorylase. Antisera at a dilution of 
1:500 were preincubated with either peptide or MeSAdo phosphorylase 
at 50 us/ml for I h at room temperature and then added to the blots. 
Otherwise, immunoblot analyses were carried out as described above. 

Quantitation of MeSAdo Phosphorylase Protein in Cells. To esti; - *te 
the cellular content of MeSAdo phosphorylase, a semiquantitative 
immunobiotting procedure was used, Cell extracts prepared from en- 
zyme-positive cells were electrophoresed on a 12.5% polyacrylamidc 
gel containing 0. 1 % sodium dodecyl sulfate along with various amounts 
of MeSAdo phosphorylase which was purified from bovine liver. Im- 
munoblot analyses were carried out as described above. The bands on 
the autoradiographs were scanned with a desitometer (Bio-Rad) and 
were quantltated using a calibration curve obtained from the Immuno- 
reactive bands of the purified enzyme. 

RESULTS 

The reactivities of the two antisera with MeSAdo phospho- 
rylase peptides or with purified enzyme protein were determined Fig. I. The specificity of anti-peptide antibodies for purified MeSAdo phos- 

by ELISA and immunobiotting. As measured by ELISA, both phorylas, (MeSAdoa^). SpecHkity studies were carried I out by «hibitionof 

**j «t ■ a. *j j u 4 immunobiotting activity of antibodies (A, 61 17; B, 6120) with the peptides used 

peptlde-KLH conjugates induced high titer antibodies against t0 jmmunize rabbits or purified enzyme as described in "Materials and Methods." 

MeSAdo phosphorylase. Antiserum 6117 raised against peptide An irrelevant peptide (peptide 22) was used as a control. 
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Fig. 4. Immunoblot analysis of Ihe human brain tumor cell lines (A) and 
primary brain tumors (J?). In this experiment, crude cell extracts (50 and 25 pg/ 
lane for cell lines and primary tumors, respectively) were separated electrophor- 
etically. transferred to nitrocellulose membranes, and probed with antibody 611 7. 
Molt-4 cell line was used as a positive control. B: lanes 1-6. cases 1-6 shown in 
Table 2: lane 7, MDBK cells as a positive control. 

Table 2 Histological diagnosis of patients with brain tumors 
Biopsy specimens were removed during routine surgery, and tissue sections 




Fig. 2 Comparison of enzyme-posit ive and -negative cell lines by immunoblot 
analysis. A, enzyme-positive and -negative cell lines of different species along with 
purified bovine MeSAdo phosphorylase. B, human leukemia cell lines either 
having or lacking MeSAdo phosphorylase. C mutant clones isolated from paren- 
tal Rl.l cells along with LI2I0 cells lacking the enzyme activity naturally. WT. 
wild type. 
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Fig. 3. Immunoblot analysis of purified bovine MeSAdo phosphorylase and 
seven different enzyme-positive cell lines. In this npenment cither purified 
enzyme at the indicated amounts or crude cell extracts (100 Mg/lane) were 
separated elcctrophoretically, transferred to nitrocellulose membranes, and 
probed with antibody 6117. 



' No further information was obtained. 

Although we do not know how closely peptides 40 and 51 are 
located in the MeSAdo phosphorylase molecule, it seems un- 
likely that these two regions would be simultaneously deleted 
or mutated. Therefore, these data indicate that enzyme-deficient 
cell lines have no immunoreactive MeSAdo phosphorylase. 

The possibility remained that various mutational alterations 
in MeSAdo phosphorylase reduced the rate of enzyme synthesis 
or accelerated enzyme degradation, such that little or no enzyme 
protein remained in the cell extracts. To address this possibiUty, 
two MeSAdo phosphorylase-deficient somatic mutant clones 
of the mouse Rl.l cell line were studied. These cells were 
selected by "tritium suicide" with MeSAao labeled in the ade- 
nine moiety, as described previously (8). As shown in Table 1, 
clone F has 6.6% of wild-type MeSAdo phosphorylase activity, 
while clone H is completely enzyme deficient. Despite the 
partial or complete lack of MeSAdo phosphorylase, both clones 
have readily detectable immunoreactive enzyme protein (Fig. 
2). In contrast, the mouse LI 210 cell line, which naturally lacks 
enzyme activity, has no immunoreactive enzyme protein. 

Having verified the specificity and sensitivity of the immu- 
noassay for MeSAdo phosphorylase, we used the antibodies to 
analyze eight human glioma cell lines. Sixty-seven % (4 of6) 
were entirely deficient in immunoreactive enzy me (Fig. 4). The 
lack of MeSAdo phosphorylase was confirmed by direct enzyme 
assay (Table 1). We then analyzed six successive biopsy speci- 
mens from human gliomas, with different histological charac- 
teristics (Table 2). Five were entirely deficient (Fig. 4). Control 
experiments showed that normal human brain has abundant 



experiments snuweu um< — — „ QA . 

tein. Similar results were obtained with both antibodies. One Me SAdo phosphorylase activity. 4 Thus, complete ™«£ao 
could attribute the absence of immunoreactive proteins in cell phosphorylase deficiency is a common and specitic melanotic 
lines having no detectable enzyme activity to the monospecific- abnormality in human gliomas. 

ity of a single antiserum for a certain region of the enzyme {n preparalion . 

protein, which might be deleted or mutated in these cell lines. t. Nobon. f. Delia Rag.one, 
F 3195 
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DISCUSSION 

In the present experiments, two high titer antibodies to 
MeSAdo phosphorylase peptides were used (a) to quantitate 
the enzyme protein in bovine cells, (b) to compare immunolog- 
ical cross-reactivities among the enzymes from different species, 
(c) to search for immunoreactive enzyme in both naturally 
occurring MoSAdo phosphorylase-deficient cell lines and en- 
zyme-deficient cells selected following in vitro mutagenesis, and 
id) to identify MeSAdo phosphorylase deficiency in human 
glioma biopsies and ceil lines. In immunoblots, the antibodies 
identified the 32-kDa monomelic subunit of purified bovine 
MeSAdo phosphorylase and a band of the same molecular mass 
m extracts of enzyme-purified cow, human, monkey, and mouse 
cells. Antibody binding was inhibited specifically by preincu- 
bation with the respective immunizing peptides but not by 
irrelevant peptides. Both anti-peptide antibodies thus reacted 
specifically with the MeSAdo phosphorylase protein. 

Delia Ragione et al (11) described attempts to produce 
antibodies against native bovine MeSAdo phosphorylase. Fol- 
lowing a laborious purification procedure, they obtained 2.4 mg 
enzyme protein from 1 kg liver. Our estimate of 0.25 fig 
MeSAdo phosphorylase/mg protein in MDBK cells is in accord 
with these data and indicates that the enzyme is present in 
relatively low amounts in most cells. The purified enzyme was 
found by Delia Ragione et a/, to be nonimmunogenic in rabbits, 
guinea pigs, and goats, unless it was coupled to KLH or agarose 
prior to immunization. These results led the investigators to 
conclude that the structure of MeSAdo phosphorylase was 
conserved among different mammalian species. The interspe- 
cies cross-reactivity of two different anti-peptide antibodies 
prepared against sequences corresponding to the bovine en- 
zyme, as reported here, support these earlier conclusions. 

The broad cross-reactivity of the anti-enzyme antibodies en- 
abled us to search for the presence of immunoreactive MeSAdo 
phosphorylase in naturally occurring enzyme-deficient cell lines 
of mouse (LI 2 10), monkey (Verc), and human (CEM, K-Tl, 
NALL-1, K562, DHL-9, HSB2) origin. None of these cell lines 
displayed immunoreactive 32-kDa MeSAdo phosphorylase 
polypeptide. In marked contrast to the results obtained with 
naturally enzyme-deficient malignant cells, neither of two the 
MeSAdc phosphorylase clones selected from the murine T- 
lymphoma cell line Ri.I by mutagenesis and tritium suicide 
with [ 3 H]MeSAdo was deficient in immunoreactive enzyme 
protein. Related tritium suicide methods have been used for the 
selection of mammalian cells with structural gene mutations 
(16-19). The fact that clone F had 6.6% of wild-type enzyme 
activity, and a normal amount of immunoreactive protein, is 
consistent with a structural gene mutation. Thus, our results 
suggest that mutations that destroy most MeSAdo phosphoryl- 
ase catalytic activity do not necessarily deplete immunoreactive 
enzyme protein. In contradistinction, the naturally MeSAdo 
phosphorylase-deficient Lr210 mouse leukemia cell line had 
no immunoreactive enzyme protein. Consistent with these con- 
clusions, we have shown that the enzyme deficiency in LI 2 10 
behaves as a recessive characteristic in intraspecies somatic cell 
hybrids (20) and, hence, is not secondary to a transacting factor 
that inhibits enzyme expression. 

The naturally enzyme-deficient cells analyzed, CEM, K-Tl, 
NALL-1, and K562 are known to have cytogenetic abnormali- 
ties in the short arm of chromosome 9 (21). It is important to 
note that the locus of MeSAdo phosphorylase (designated 
MTAP) has been assigned to this same region (22). Further- 
more, the above-mentioned cell lines are hemizygous or nulli- 



zygous for the interferon-a and interferon-/? 1 genes, which have 
been mapped to chromosome 9p 13-22 and 9p22, respectively 
(23). Taken together, these results suggest that the enzyme 
deficiency in these four cell lines may be attributed to an 
alteration of the region on chromosome 9 encompassing the 
MTAP locus, although the precise mechanism producing the 
deficiency remains to be determined. 

Approximately 50% of human gliomas have structural re- 
arrangements affecting chromosome 9 (24). Therefore, we used 
the rapid immunoassay to quantitate MeSAdo phosphorylase 
activities in glioma cell lines and fresh tumor biopsies. Nine of 
12 tumors (75%) were completely MeSAdo phosphorylase de- 
ficient. The six tumor biopsies studied included astrocytomas, 
an oligoastrocytoma, and two glioblastomas multiforme. Ail 
normal human tissues, including brain, contain MeSAdo phos- 
phorylase. 5 Moreover, other studies have shown that RBCs 
from patients with MeSAdo phosphorylase-deficient neoplasms 
have normal enzyme activity (7). Thus, the high frequency of 
MeSAdo phosphorylase deficiency in human gliomas is related 
to their malignant phenotypes. 

Several chemotherapeutic regimens have been described for 
the selective killing of MeSAdo phosphorylase-deficient leuke- 
mia cells (4). Because of the problems associated with potential 
metabolic cooperation between leukemic and normal leuko- 
cytes, these strategies have not been tested in vivo. However, 
no adequate chemotherapy exists for human gliomas, and the 
incidence of these is increasing, particularly in patients older 
than 65 years (25). The relatively confined growth pattern of 
gliomas, and the absence of any effective alternative, may make 
MeSAdo phosphorylase a reasonable target for tumor-specific 
chemotherapy. Animals undergoing a MeSAdo phosphorylase- 
deficient tumor transplantation displayed elevated plasma 
MeSAdo levels, in proportion to the tumor burden (26). Hence, 
it may be feasible to diagnose gliomas, and follow their response 
to therapy, by the measurement of MeSAdo concentrations in 
cerebrospinal fluids. With the simple enzyme immunoassay 
described here, and the available assays for MeSAdo phospho- 
rylase, it should now be possible to determine with precision 
the prevalence and metabolic consequences of MeSAdo phos- 
phorylase deficiency in a diverse series of human brain tumors. 
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ABSTRACT Many human malignant cells lack methyl- 
thioadenosine phosphorylase (MTAP) enzyme activity. The 
gene (MTAP) encoding this enzyme was previously mapped to 
the short arm or chromosome 9, band p21-22, a region that Is 
frequently deleted In multiple tumor types. To clone candidate 
tumor suppressor genes from the deleted region on 9p21-22, 
we hove constructed e long-range physical map of 2.8 mega- 
bases for 9p21 by using overlapping yeast artificial chromo- 
some and cosmld clones. This map includes the type I/fWgene 
cluster, the recently identified candidate tumor suppressor 
genes CDKN2 (pl6 INIMA ) and CDKN2S (plS INIMB ), and several 
CpG islands. In addition, we have identified other transcrip- 
tion units within the yeast artificial chromosome contig. 
Sequence analysis of a 2.5-kb cDNA clone Isolated from a CpG 
island that maps between the IFN genes and CDKN2 reveals 
a predicted open reading frame of 283 amino adds followed by 
1302 nucleotides of 3' untranslated sequence. This gene is 
evolutionary conserved and £ \ows significant amino add ho- 
mologies to mouse and human purine nudeoslde phosphoryiases 
and to a hypothetical 2&8-ltDa protein in the pet gene (coding for 
cytochrome bc t complex) region of RhodospirUhun rubrum. The 
location, expression pattern, and nucleotide sequence of this gene 
suggest that it codes for the MTAP enzyme. 

Unbalanced translocations or interstitial deletions of 9p are 
recurring abnormalities in a variety of tumor types including 
acute lymphoblastic leukemia, glioma, melanoma, non-small 
cell lung cancer, head and neck cancer, bladder cancer, and 
mesothelioma (1). Homozygous deletion of DNA sequences 
on 9p or loss of heterozygosity has now been described in 
mujtiple tumor types (2-7). A number of the cell lines and 
patient samples with 9p gene deletions also lack methylthio- 
adenosine phosphciylase (MTAP) enzyme activity. To our 
knowledge, the gene encoding MTAP has not been cloned but 
has been mapped to 9p22-$ql3 (8). In a few cases, the 
deletions that included both the IFN gene cluster and th* 
MTAP gene were interstitial and submicroscopic, suggesting 
that these genes or a tumor suppressor gene (TSG) closely 
linked to them was the target of the 9p deletions. This 
hypothesis was further supported by the linkage of a gene that 
confers susceptibility to melanoma (MLM) to 9p21 in the 
region between D9S126 and the IPSA gene cluster (9). 

CDKN2 (pt6 INK4A ) was recently proposed as a candidate 
TSG in this locus because the gene has been shown to be 
rearranged, deleted, or mutated in a majority of tumor cell 
lines (6, 7). This gene codes for a 16-kDa protein (pl6) that 
inhibits CDK4 and CDK6 by binding in competition with cyclin 
D (10). In humans, CDKN2 is adjacent to a gene encoding a 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C §1734 solely to indicate this fact. 



similar protein, now called CDKN2B (pl6 INK4B ), that shares 
44% homology with CDKN2 in ihe first 50 amino acids and up 
to 97% homology in the remainder of the protein (11) 
Whether CDKN2 is MLM remains unclear, because two recent 
studies (12, 13) provide conflicting evidence. Hussussian et at. 
(12) described six disease-related germ-line mutations in 
CDKN2 in 33 of 36 melanoma patients from nine families and 
suggested that CDKN2 likely is MEM This is in contrast to 2 
of 13 mutations in 9p21-linked families and 0 of 38 familial 
melanoma patients described by Kamb et al (13). These 
reports raise the possibility that CDKN2 may not be the only 
clinically relevant TSG on 9p and that loss of tumor suppres- 
sion may involve inactivation of other as yet unidentified genes 
in the region in certain tumor types. In support of this 
possibility Cheng et al. (14) published their findings of two 
additional regions of nonoverlapping homozygous deletions on 
9p21 in malignant mesothelioma, one telomeric to CDKN2 and 
the other centromeric to it. 

The coincident loss of MTAP enzyme activity in many 
tumor cell lines with homozygous IFN gene deletions suggests 
that MTAP is closely linked to the IFN gene cluster. We have 
suggested (15) that a 9p TSG should be localized between the 
IFN gene cluster and the MTAP locus based on IFN gene 
rearrangements seen in two cell lines and leukemia cells from 
one patient with deletions on 9p. In the reports published to 
date, it has been difficult to determine the exact position of the 
M TAP gene in relation to the homozygous deletions on 9p. 

In this manuscript, we describe the construction of a long- 
range physical map around the IFN gene cluster that covers a 
distance of 2.8 megabases (Mb), as determined by pulsed-tleld 
gel electrophoresis (PFGE) and also the isolation of the Af7>4P 
gene cDNA.t We have localized all of the known genes and 
several CpG islands on this map. Restriction sites and PFGE 
fragment sizes are clearly delineated on the resultant map, 

U/KlifK p*rt»Ms4o fnrtho* »U~._ ^ 1 a 

Weaver-Feldhaus et al (16). Also, several additional markers 
are described and localized on this map. The approximate 
location of the shortest region of overlap of 9p deletions in 
gliomas, melanomas, lung cancer, leukemia, mesothelioma, 
head and neck cancer, and bladder cancers in relation to this 
map is discussed. 

Abbreviations: YAC, yeast artificial chromosome; TSG, tumor sup- 
pressor gene; Mb, megabase(s); STS, sequence tagged site; FISH, 
fluorescence in situ hybridization; SRO. shortest region of overlap; 
PNP, purine nudeoside phosphorylase; PFGE, pulsed-field gel elec- 
trophoresis. 

*To whom reprint requests should be addressed at: The University of 
Chicago Medical Center, 5841 South Maryland Avenue, MC 2115, 
Chicago, IL 60637-1470. 

tThe sequence reported in this paper has been deposited in the 
GenBank data base (accession no. U22233). 
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Table 1. Homozygous loss of 9p markers in tumor cell lines 
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% cell lines test showing homozygous deletions 



Cell lype (n) 


IFNBl 


IFNA 


D9S736 


M1.4 


CDKN2 


CDKN2B 


D9S966 


D9S171 


Leukemia (18) 


39 


44 


ND 


65 


89 


78 


44 


6 


Melanoma (18) 


0 


0 


0 


ND 


45 


45 


15 


0 


Glioma (26) 


27 


42 


42 


63 


69 


65 


42 


12 


Bladder (16) 


0 


3J 


ND 


50 


50 


50 


44 


ND 


Head and neck (8) 


0 


0 


0 


0 


38 


25 


0 


ND 


Lung (58) 


6 


8 


ND 


34 


34 


29 


5 


2 


Mesothelioma (5) 


0 


0 


0 


100 


100 


100 


40 


20 



Homozygous deletion of these markers was detected by Southern blot analysis or STS-PCR. The location of the markers is shown in Fig. 1. ND, 
not done; Ml. 4, 1.4-kb fragment from the 3' untranslated portion of the MTAP gene. 



rare-cutting restriction endonucleases Not I, Sac II, Sal I, anil 
Sfi i. After PFGE and Southern blot transfer, the blots were 
hybridized to a battery of probes including the IFNA, IFNBl, 
the left and right vector arm probes, D9S966, six end probes, 
and the CDKN2 cDNA probe. The resulting map is shown in 
Fig, 1. The IFN genes contained within YACs 802 B 11 and 
886F9 were identified and aligned with our previous map of the 
IFN gene cluster (17). Except for YAC 886F9, none of the 
YACs demonstrated any unusual deletions or rearrangements, 
as determined by STS content. YAC 886F9, described by 
Weaver- Feldhaus et ai (16), is larger and extends further 
centromeric than the clone isolated in our laboratory, suggest- 
ing that this YAC may have undergone an internal deletion. 
However, the STS content of the remaining human insert was 
consistent with the other /FW-derived YACs in our laboratory. 
To characterize the YAC clones further, single-copy DNA 
fragments obtained from the YAC-end clones were used as 
probes on Southern blot hybridization. The results are in- 
cluded in Fig. 1. Each end-clone probe mapped back to the 
respective YACs and to chromosome 9 by FISH analysis. This 
map does not show every restriction site for the enzymes Sal 
I, Sac II, and Sfi I because sites that are further away from the 
probes used were not detected. However, several CpG islands 
can readily be identified on this map. 

Deletion Mapping Analysis. Each unique fragment from the 
end clones and additional STSs were tested on our panel of cell 
lines to refine the deletion map. The results are summarized in 
Table 1. Homozygous deletion of at least one marker derived 
from this YAC contig was detected in 69% of the glioma cell 
lines, 45% of the melanoma cell lines, 50% of the bladder 
cancer cell lines, 89% of the leukemias, 100% of the mesothe- 
liomas, 38% of the head and neck cancer, and 34% of the lung 
cancer cell lines. The majority of the cell lines had large 
homozygous deletions that overlapped around CDKN2/ 
CDKN2B. We have shown (27) that the deletion in Hs294T, a 
melanoma cell line, could not be complemented by introducing 
a chromosome 9 derived from the T9SG cell line by microceli 
chrnrnrKorpe' tfEHsfsr. Hcwsver, introducing z ncrjEcl short 
arm of chromosome 9 derived from a human fibroblast cell line 
induced senescence in Hs294T (27). The region deleted in 
Hs294T is flanked by D9S736 and D9S966. In T98G. the 
homozygous deletion is flanked by MTAP and CDKN2B (data 
not shown). Therefore, a region of «100 kb was defined by the 
overlapping homozygous deletions in these two cell lines. 
Thus, we were able to define a shortest region of overlap 
(SRO) of these 9p deletions between the 3' end of MTAr* and 
CDKN2B. From Table 1, it is apparent that the pattern and 
percentage of 9p homozygous deletions differ in different 
tumor types. For example, in melanomas, mesotheliomas, and 
head and neck cancers, the deletions rarely extend into the IFN 
gene cluster, whereas the IFN genes are included in 27-44% 
of the deletions in leukemias, bladder cancer, and gliomas. 
Moreover, MTAP is homozygousry deleted with the same 
frequency as CDKN2 in some tumor types. 



The following markers were not present in our YAC contig: 
D9S3, D9S126. D9S171, D9SI62, D9S962 (MDS10), D9S963 
(MDS36), and an STS from the D9SI7I YAC that maps at 
least 500 kb telomeric oiD9Sl7l (refs. 19 and 28 and Joseph 
Testa, personal communication). We were able to localize 
D9S736 within YACs 802B11 and 886F9 in a 170-kb Sat l-Sfi 
I fragment centromeric to the IFN gene cluster and close to the 
right end of YAC 886F9; 1063.7 was present in YAC 807E4 
only and cl.b was in YACs 942A3 and 807E4 (Fig. 1) (7, 16). 
Because the distance from the IFN gene cluster to the cen- 
tromeric end of this YAC contig is 1.8 Mb, we estimate that 
D9S171 should be a minimum distance of 2.3 Mb from the 
centromeric end of the IFN gene cluster and D9S736 would be 
at least 2.0 Mb from D9S17L This is consistent with previous 
estimates. D9S736 has been estimated to be 2 centimorgans 
from D9SI7I (16), whereas D9S126 was estimated to be at a 
minimum distance of 1.0 Mb from the IFN gene cluster (29). 

Expressed Sequences Within and Around the SRO. An 
85-bp exon-trapped product obtained from a cosmid that maps 
in the CpG island at the right end of YAC 886F9 was used to 
screen a cDNA library. One of the clones, a 2^-kb cDNA, 
detects two major transcripts of ~2.3 kb and 6.0 kb, as shown 
in Fig. 2. This gene is expressed to various degrees in all tissue 
types and is conserved in all mammalian species, as judged by 
zoo-blot hybridization (data not shown). The nucleotide se- 
quence reveals an open reading frame coding for 283 amino 
acids that included the initiator methionine codon (Fig. 3a). 
The protein sequence shows homology to the human, mouse, 
and bacteria purine nucleoside phosphorylase (PNP) gene and 
to a hypothetical 25.8-kDa protein in the pet genes (coding for 
cytochrome bc\ complex) region of Rhodospirillum rubrwn, 
and also to a recently described open reading frame from 
Saccharomyces cerevisiae (Fig. 36). MTAP is a PNP but has 
different substrate specificity than the PNPs that have been 
cloned to date. As shown in Fig. 3A>, the region of homology to 

1 2345678 
7.5* H * 




Fio. 2. (Upper) Northern blot of RNA from multiple human tissues 
hybridized with the 3' 1.4-kb fragment of the MTAP cDNA done. 
(Lower) The blot was reprobed with 0-actin cDNA. Lanes: 1, heart; 2, 
brain; 3, placenta; 4, lung: 5, liven 6, skeletal muscle; 7, kidney. 8, 
pancreas. 
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3 gj^TTCCOCT PrO CA Wjt .T t ?AC 

rccocioaaaTajkOcrncGCArMvcru \ t K>TCJlyroocTcocT'ltAft'TcccTl'Ag^gccaAQCQ 

ffpy rytwwtni I ' ILL J CIUaC ATO 00C TCT OOC AOC ACC ACC ACC 

, HASOTTTT8 

OCC OtO AM JVT? QOA ATA AIT OOT OOA ACA OOC CTO OAT OM CCA GU 
9 A V K Z 0 X Z GOTO L D DP B 24 

ATT TEA OAA OOA MA ACT OA* AAA T*T CTO OAT ACT CCA TTT OOC AACI 
]f i t HGBTEKTVOT 9 FuKlO 

CCI. TCT OAT OCC TTA ATT TTO 008 AM ATA AAA AAT CTT GAT TOO ATC 
41 P 6 DAL X LGK X K M V DC XS6 

CTC CTT OCA AOC CAT GOA AOS CAO CAC ACC ATC ATO CCT TCA AAO OTC 
.37LLARH3R0HTXHPflKV73 

AMC f AC CAO 000 AAC ATC TOO OCT TTO AAC OAA GAO OOC TOT ACA CAT 
73MYQAMXMALKBEGCTH88 

OTC ATA OTO ACC ACA OCT TOT OOC TCC TTO AGO CAO OAO ATT CAO CCC 
89V:VTTACOSLR3BIQPi04 

OOC OAT ATT OTC ATT ATT GAT CAO TTC ATT GAG AGO ACC ACT ATO AQA 
lOI'O 0 XVX XDQPX D R T T M R 120 
' CCT CAO TCC TTC TAT GAT GOA AOT CAT TCT TOT OCC AQA GOA OTO TOC 
12lP&ArYDG0H0CAROVC136 

CAT AIT CCA A'.?0 OCT OAO CCO TTT TOC CCC AAA ACQ AOA OAO OTP CTT 
137H^PHA8PPCPXTRBVtlS2 

ATA OAO ACT OCT AAO AAO CTA GOA CTC COO TOC CAC TCA AAO 000 ACA 
153 1 « T A X K L 0 L R C H 8 K 0 T 168 

ATOOTCACAATCCAGQOACCTCOTrnACCTCCCOOOCAOAAAOCTTC 
169 M V T-X B G P RP S fl B A B S F 184 

ATO TTC CCC ACC TOO 000 OCO OAT CTT ATC AAC ATO ACC ACA CTT CCA 
IBS H P R T WO A D V X W M T T V P 200 

GAG OTO OTT CTT OCT AAO OAO OCT OOA ATT TOT TAC OCA AOT ATC OCC 
201 B V VLAX BAG X C V^A 8 X A 216 

ATO OCO ACA OAT TAT GAO TOC TOO AAO GAO CAC OAO OAA OCA OTT TOO 
31' MAT DY DCMK8 H B B AV 8 232 

fti-C OAC CCO CTC TTA AAO ACC CTC AAA CAR AAC CCT AAT AM CCC AAA 
233 VDRVttKTltKBKAMXAK 348 

AOC TTA CTO CTC ACT ACC ATA CCT CAO ATA 000 TCC ACA OAA TOO TCA 
249' 6 LLLTTX PQI0 8TFWS364 

GAA ACC CTC CAT AAC CTO AAO AAT ATO OCC CAO TTT TCT OTT TTA TTA 
365 B T h H N LX HMA QP S V L L 280 

CCA AOA CAT TAA AQTAOCATOQCTQCCCAOOAQAAAAGAAOACATTCTAA 
2B1 P R H 

TTTTOOOAA T T LX T UCiT AACTTQAAAAAAATATOOaAAte 

TATC AAAQA OTATOTTOTAAOAAAOACAAOACAJTO 

AAOOOOOAA AA AAA AAACCCCA C CAT TCTCTTC T CCCCT 

TT TATT OATOCGACTOTAA ATTOO TACAOTATTTCTOQ 

ATATabQU^TOCATACAAAGAATlATATATA^ 

ATAAATAATTOAAACAATCTOA A TCCC J T GC AATTOQAOOTAA 

0ATfOT0AATCAGCCAACT3AAAA'mXUHTlH 

crCTATATATOAAOCTAAAAAAOOATATOaTACCA^ 1 IUL VI f A AAATOC 

TATOTAAAJATACAAAAAAACTAOAAA O AAATATATATA 

ATACTOOOATAATTTTTATTTTCTTTQAATCTTTCTGTGTCT^ 

AATCAAATAGTAAAGOOCCOTAAAAATAAAAGTOGATTTAOAAACATCCAOTTC^ 

OTTTCTOOTAATOAA GCAOMTTTAAOTTOO TAA 

ATCTlTAOTNa^JCTA A AflAAMO O A T tJtTlsa^ 

AACA ULTnVIU AOAAAA GC T A OOTOTATAATAQTT^^ 

AAATOCACATTTTRTOOTATCTaATATTTTAAAAAOTA^ 

AATTATTTTATACOAOTTQOTAA'rTTOTGCCTTTTAATAAAOTOOAAOCTTOC^ 

AAAAAAAAOCOQAATTC 

b 

MFAP : 12 101 IQCfiXnjXmillXIXrBKWDTVrW 71 
RRUORPi O.XOO.O. .0. . .1490 V. .PFO..SD. . . .0 L.RH9R.R. . .PS. 

MAP t 72 VHYQMmtMJOSBCTWi m AH OT R I^ POPIVIllA JP lWl'JW W QSrYflOSHBC 131 

RKDORti VNY.AnX.AUC. .O.T A.CSL.B. . .PO. .VX.DQ7XSRT. .R. .67 

HSABJFt O VT.A.O.L QUI.. I... I Q....0.... 

HOPNPi 0 VT.A.G.L GDI.. I... I Q....0.... 

8CRB167i IVT.A.O Q..D. .1 Q....Q.... 

MCAP t 132 AROVCHirotSPTCPKTOEVLISTA^ 191 
RXUQRPt 

USAPKPi . .0 H R T.K. .0 OT.V. . .CP. P. . .AS OA 

MSJPHPt . .GV. , . ,H A 7.. .0 OT.V. . .OP.F. . .ABS GA 

flCB81S7t . .0 R..I... .K,L OT OP. P. .RABS.M.R. .0. 

BSOTWPj KO CP AS....KT.O. 

MUBOTi 0 OP AB. .H.R. .OA 

KXA? i 132 DVTNKiTVPEVVLAKEAOlC lASIAM/Ui) 220 

RRUOftFt (54/114 identities) 

HSftWP: D. . .K.TVT2V. .A. . .C T (33/135 Idsntlti-s) 

MKUPMPt 0. . .H.TVPBV. .A. . .0 T '40/135 identities) 

creaicr. n v mnmr » n - • :■»**■»« i^— titl— * 

BSUPHPi 0...M.TVPBV..A..AO Z ' ( 20/90 Identities) 

NUBIIFi D. . .M.TV.B. . .A. .AO T ( 1J/53 identities) 

Fig. 3. \a) Cloning of MTAP. The nucleotide sequence of the 
MTAP cDNA is shown along with the deduced amino acid sequence 
of the MTAP protein, (b) Protein sequence comparison of the MTAP 
protein with the highest scoring protein sequences found in a blastp 
search of the protein databases. The highest homology was detected 
with RRUORF, which shows 47% (54 of 1 14) amino acid identity. The 
function of this protein from & rubrum is not known. The homology 
detected with other PNPs was lower but extended over a slightly larger 
region in eukaryotic proteins (HSAPNP, MMUPNP, and SCE8167). 
Only identical amino acids are shown. Dots denote nonidentical amino 
acids; no gaps were introduced into the alignment. RRUORF, hypo- 
thetical 25.8-kDa protein in cytochrome c\ (petC) 3' region from 
RhodospiriUum rubrum (Swiss-Prot accession no. P23139); HSAPNP, 
human PNP (EC 2.4.2.1; GenBank accession no. K02574); MMUPNP, 
murine PNP (GenBank accession no. LI 1292); SCE8167. L8167.19 
gene product from S. cerevisiae (GenBank accession no. U 14913); 
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Fig. 4. Map of MTAP cDNA clone. Not all restriction sites are 
indicated. 

the 25.8-kDa protein is distinct from the region of homology 
to the PNPs with only a minor overlap. 

We correlated the presence or absence of a 1.4-kb subclone 
of the cDNA (probe Ml .4, Fig. 4) with the presence or absence 
of MTAP enzyme activity in previously characterized cell lines 
(4, 5). This 1.4-kb probe is deleted in every cell line that lacks 
MTAP enzyme activity and is present in all cell lines with 
MTAP enzyme activity. When the 1.1-kb 5' fragment of the 
cDNA probe (Ml, 1, Fig. 4) was used for Southern blot analysis 
of Pst I-digested human genomic DNA, four bands were seen 
(data not shown). One of these bands was always seen in cell 
lines with homozygous deletions of the 9p21 region. The Ml.l 
probe was then used on a somatic cell hybrid panel and found 
to hybridize only to human chromosomes 9 and 3. Thus, it 
appears that another gene or pseudogene homologous to 
MTAP maps to human chromosome 3. 

DISCUSSION 

The MTAP gene was previously localized (8) by using somatic 
cell hybrids. We refined the location by using information 
obtained from PFGE and cell lines (2, 15). Because there was 
no probe available for the MTAP gene, we concluded that the 
putative TSG must lie between the IFN gene cluster and the 
MTAP gene. By using similar reasoning, Coleman et al (30) 
placed the SRO in melanomas centromeric to the MTAP gene 
and suggested that the SRO in melanoma was distinct from the 
SRO in gliomas, leukemias, and lung cancers. Barring any 
complex rearrangements in both T98G (glioma) and Hs294T 
(melanoma), we believe that the position of the TSG should be 
within the region defined by the homozygous deletions in these 
two cell lines. This region maps centromeric to MTAP and the 
IFN gene cluster but distal to D9S966 and includes CDKN2 
(Fig. 1). This region corresponds to the only critical region that 
we have defined by using primary samples from patients with 
gliomas and leukemias (ref. 31 and unpublished data). The 
region overlaps the MLM locus because it maps in the 2-cen- 
timorgan region between D9S736 an3 D9S171 (9, 28). These 
data are consisleui with recent results published by Jen et al 
(32) who found a high frequency of homozygous deletions of 
CDKN2 and CPKN2H in primary gliosis samples. No point 
mutations of either gene were observed in primary gliomas. 

Our long-range map covers 2.8 Mb including the IFN gene 
locus but does not reach D9SI26 or D9S17L There are now two 
reports (14, 33) of homozygous deletions on 9p that do not 
extend into the CDKN2 locus. In fact, these two reports suggest 
that one of the other 9p TSGs is teiomeric to CDKN2. To date, 
all the data available in primary tumors and tumor ceil lines 
suggest that the preferred mechanism for gene inactivation on 
9p is homozygous deletion rather than point mutations. We 
know of no other chromosomal region with such a high 
frequency of homozygous deletions. It is rather intriguing that 
all of the genes (the IFN gene cluster, MTAP, CDKN2, and 

BSUPNP, Bacillus subtilis PNP (Protein Information Resource acces- 
sion no. A42708); MLEPNP, Mycobacterium leprae PNP (GenBank 
accession no. U00022). 
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CDKS2B) identified thus far in this region could have some 
significant biological role in cancel. The uiosi efficient way to 
inactivate all of these genes if they are biologically important 
would be by a large enough deletion. Alternatively, these genes 
may have been deleted as "innocent bystanders" because 
intrinsic fragility or recombinogenicity around the TSG may 
make the region a hot spot for illegitimate recombination. 

It has been proposed that the inclusion of MTAP gene in 
these deletions may present an opportunity to use this phe- 
nomenon in drug development (8, 34, 35). MTAP is involved 
in the purine salvage pathway in which methylthioadenosine is 
recycled to the purine nucleotide pool. MTAP deficiency 
interferes with this salvage pathway. MTAP deficiency in 
human malignancy may permit the development of chemo- 
therapeutic approaches in which MTAP-negattve cancer cells 
will be selectively killed with drugs causing the depletion of 
purine nucleotides. This major difference between normal and 
malignant cells might be used to design more effective che- 
motherapy approaches in gliomas, lung cancer, and other solid 
tumors where there are currently no effective therapies. Thus, 
further characterization of this gene may have both diagnostic 
and therapeutic implications. 

The data presented here support the fact that CDKN2 is the 
most frequently homozygously deleted marker within 9p21 in 
gliomas and leukemias. However, it is apparent that it is not the 
only clinically relevant gene for every tumor type. Thus, it will 
be necessary to identify and map other candidate genes in this 
region. The reagents described herein should be useful in 
further characterization of the 9p tumor suppressor locus. 
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A locus for familial melanoma, MLM, has been mapped within the same interval on 
chromosome 9p21 as the gene for a putative cell cycle regulator, p16 INK4 (CDK/V2) MTS1 . 
This gene is homozygously deleted from many tumour cell lines including melanomas, 
suggesting that CDKN2 is a good candidate for MLM. We have analysed CDKN2 coding 
sequences in pedigrees segregating 9p melanoma susceptibility and 38 other 
melanoma-prone families. In only two families were potential predisposing mutations 
identified. No evidence was found for heterozygous deletions of CDKN2 in the germline 
of melanoma-prone individuals. The low frequency of potential predisposing mutations 
detected suggests that either the majority of mutations fall outside the CDKN2 coding 
sequence or that CDKN2 is not MLM. 



Susceptibility to melanoma has a significant genetic 
component, apart from skin coloration and melanin 
composition. A locus responsible for melanoma 
predisposition, MLM, has been mapped to a 2 centiMorgan 
(cM) interval in chromosome 9p21 between D9S171 and 
D9S736 (refs 1-5). This locus is believed to act as a 
somatically recessive tumour suppressor gene in the 
manner originally proposed by Knudson 6 . Inheritance of 
a single defective MLM allele predisposes to melanoma, 
while somatic loss or mutation of the second allele 
completes one of the steps necessary for development of 
malignancy. Based on this two-step model for 
carcinogenesis, somatic mutations are predicted to occur 
in neoplastic cells at the location of MLM. 

Consistent with this view, chromosome 9p21 is the site 
of frequent somatic chromosomal aberrations in tumour 
cells and cell lines. Nearly 60% of melanoma tumour cell 
lines have homozygous deletions in 9p21, a finding that 
strongly suggests the presence of a tumour suppressor 
gene in 9p2 1 (ref. 7). Recendy, a gene named CDKN2wzs 
localized within the deleted region 8-9 . CDKN2 encodes a 
protein, pl6, previously identified by its ability to bind 
and inhibit cyclin -dependent kinases (CDKs) in vitro 10 . 
CDKs, along with their associated positive regulatory 
factors, the cyclins, are principal determinants of the 
decision to initiate DNA replication and mitosis (for 
review, see ref. 1 1). As it encodes a putative inhibitor of 
cell division, CDKN2 has the hallmarks of a tumour 
suppressor gene. 

CDKN2 consists of three coding exons: exon 1 (El) 
containing 1 25 bp, exon 2 ( E2) 307 bp and exon 3 (E3 ) just 
1 2 bp 8 CDKN2 is deleted homozygously in a wide variety 
of tumour cell lines, including melanomas 8,9 . In addition, 



a high percentage of melanoma lines that do not contain 
homozygous deletions contain smaller hemizygous genetic 
lesions in either El or E2 of CDKN2 such as frameshift, 
nonsense and missense mutations 8 . Similar mutations are 
seen in primary and metastatic melanomas (N.A.G. etaU 
manuscript submitted). These results suggest that CDKN2 
is involved in formation of melanomas and, as such, is an 
appealing candidate for MLM. To test whether or not 
CDKN2 is MIM, we have examined CDKN2 for mutations 
that segregate with predisposition in melanoma-prone 
families. 

Analysis of CDKN2 in 9p21 -linked families 

Individuals belonging to melanoma-prone families that 
show evidence of 9p2 1 -linked susceptibility were screened 
for predisposing mutations in CDKN2 (Table 1). Eight of 
these families were American (7 from Utah, 1 from 
Texas 12 ), exhibiting a combined multipoint lod score of 
+12.8 for localization between the 9p21 markers IFNA 
and D9S126(ret 1 ). Five Dutch families with a combined 
lod score of +3.52 for D9S171 were also examined 3 . 
Although in some kindreds the lod scores are low, or 
slightly negative, each kindred showed significant 
haplotype sharing among melanoma cases for the IFNA- 
D9S126 region (Table 1), and were thus considered 
putative 9p-linked kindreds. 

For all samples the same screening strategy was used: 
The entire coding sequence of CDKN2 including adjacent 
splice junctions was amplified in three parts corresponding 
to El, E2 and E3, using oligonucleotide primers flanking 
the exons. DNA sequence analysis from the various samples 
revealed three heterozygous nucleotide substitutions in 
E2 among the eight American probands. (No CDKN2 
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Table 1 Evidence for 9p linkage in 
putative 9p-linked kindreds 
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The lod scores were calculated for marker D9S1 71 in 
Dutch families, and between markers IFNA and D9S126 in 
American families. 



sequence differences were detected in the Dutch 
individuals. ) The three mutations detected in the American 
individuals were single nucleotide, missense mutations. 
One, in kindred 3012 (Gly93Trp), resulted in the 
substitution of a small, neutral amino acid by a large 
hydrophobic residue. Another, in kindred 1771 
(Valll8Asp), involved the replacement of a small 
hydrophobic residue by an acidic residue. The third variant, 
in kindred 3343 (Ala 1 40Thr ), involved a more conservative 
substitution. 

Thirty-eight additional affected individuals (28 from 
Utah, ten from Australia) with a positive family history 
for melanoma from kindreds that had not been tested for 
9p linkage were also screened for CDKN2 mutations. The 
28 Utah kindreds consisted of 26 with an average of more 
than three melanoma cases per kindred ( range 2- 1 0 cases) , 
and two kindreds with one melanoma case and two or 
more cases of dysplastic nevus syndrome, a condition 
characterized by frequent occurrence of abnormal skin 
moles 5 . The ten Australian kindreds were ascertained for 
a significant excess of melanoma cases and have an average 
of more than three melanoma cases per kindred (range 3 
to 4 cases) 13 . El and E2 were amplified from the genomic 
DNA of these individuals and subjected to DN A sequence 
analysis. No further polymorphisms were observed. 

Population frequency of CDKN2 substitutions 

To test whether or not the missense substitutions observed 
in the melanoma-prone individuals were common 
polymorphisms, a population frequency analysis was 
conducted in unrelated individuals who had married into 
high risk cancer kindreds studied in Utah, but who 
themselves had no apparent increased risk of cancer. 
Genomic DNA from this normal set was used to amplify 
the E2 fragment from CDKN2. These fragments were 
probed with allele-specific oligonucleotides (ASOs) 
designed to detect each of the three missense changes. 
Two of the variants (Gly93Trp, Valll8Asp) were not 
detected in the set of 100 normal samples, while the third 
(AlaHOThr) was present in 6/163 of the samples. These 
results suggest that the AlaHOThr missense change is a 



moderately common polymorphism present in roughly 
4% of the Utah population and is unlikely to be a 
predisposing mutation. The other two missense mutations 
were rare in the normal population and were, therefore, 
candidates for predisposing mutations. 

To determine whether the Gly93Trp and Valll8Asp 
substitutions were present in other familial melanoma 
cases and in sporadic melanoma cases, we performed 
further ASO experiments. Thirty affected individuals (for 
Valll8Asp) and 51 (for Gly93Trp) with positive family 
histories for melanoma from Australian families in which 
linkage analysis had not been performed were screened 
for these mutations. Also, 66 affected individuals (for 
Val 18Asp) and 20 (for Gly93Trp) with unknown family 
history from Utah and Australia were analysed. No other 
occurrences of the mutations were detected, suggesting 
that they are rare in familial and sporadic melanoma 
cases. 

Segregation analysis of CDKN2 mutations 

If the Gly93Trp and Valll8Asp mutations are 
predisposing, they should segregate with melanoma 
susceptibility in the respective kindreds. To test linkage to 
the chromosome carrying the melanoma predisposition 
in kindreds 3012 and 1771, genomic DNA from available 
related individuals in each kindred was used to amplify E2 
sequences for DNA sequence or ASO analysis. In both 
kindreds, the mutations were present in the MLM carrier 
individuals and not in noncarriers, demonstrating 
cosegregation of MLM with the two mutations (Fig. 1). 
This finding is consistent with the possibility that these 
two missense mutations Gly93Trp in family 3012 and 
Valll8Asp in family 1771 may be predisposing MLM 
mutations. 

Analysis of CDKN2 germ line deletions 

Large germline deletions are the exception rather than the 
rule in familial cancers. Nevertheless, the prevalence in 
tumour cell lines of CDKN2 homozygous deletions, some 
of which stretch several megabases, suggested that 
hereditary predisposition to melanoma might involve 
germline deletions in melanoma-prone families 714 . To 
test this possibility, probands and relatives from seven 
American 9p21 -linked families and 21 unrelated 
individuals from 18 Utah melanoma kindreds were 
examined. Southern blots were prepared using genomic 
DNA digested with BamHl or Pvull. The blots were 
probed with cosmid c5, a cosmid that includes El and E2 < 
of CDKN2 and E2 from a 'related f >ene. M l S2. The blots' 
revealed the presence of restriction fragment length 
polymorphisms (RFLPs) that could distinguish one 
homologue from the other in this region (Fig. 2 shows 
BamHl digests). These RFLP patterns were interpreted as 
allele types and their frequencies determined. 

If a significant fraction of the samples contained large 
heterozygous deletions of this region, the distribution of 
homozygotes compared to heterozygotes should deviate 
from the distribution predicted by the Hardy-Weinberg 
law. The observed gene frequencies for the rarer allele 
were 0.40 for the BamHl polymorphism and 0.18 for the 
PvuII polymorphism. In each case, the genotype 
frequencies fit the Hardy-Weinberg equilibrium (x 2 p = 
0.98 and p = 0.60, respectively). This suggests that the 
region does not contain large deletions in a significant 
fraction of melanoma-prone kindreds. Moreover, no 
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RFLPs other than the two allelic types were detected. This 
excludes the possibility of smaller deletions on the order 
of tens to thousands of base pairs which would have 
generated novel restriction fragments within the set of 
fragments detecte d by cosmid c5. 

Discussion 

So far, ten familial cancer genes have been cloned and 
characterized 15 . In each case where the gene- has been 
analysed extensively, it is involved in sporadic cancer, as 
well as in hereditary cancer. For example, mutant forms of 
p53 cause a proportion of the rare familial Li-Fraumeni 
cancer syndrome, while p53 is mutated in nearly 50% of 
sporadic human cancers 16 Similarly, a gene that contributes 
to hereditary melanoma such as MLM is expected to be 
mutated in some sporadic cancers as well. MLM maps to 
a region that may encompass over a megabase in 
chromosomal region 9p21. CDKN2, deleted 
homozygously or mutated in nearly 75% of melanoma 
cell lines, maps within the same interval and is, therefore, 
an ideal candidate for MLM. 

In a search for predisposing mutations in 9p-linked 
melanomaTprone families, we have found two potential 
CDKN2 mutations. Both were linked to the carrier" 
chromosome and neither was detected in the normal 
population. Neither involved a conservative amino acid 
substitution. Thus, these two mutations satisfy several 
important criteria for predisposing mutations. In addition, 
a previous study reported a nonsense mutation in a 



lymphoblastoid cell line derived from an individual with 
dysplastic nevus syndrome 9 . However, this finding is 
based on the analysis of DNA from cultured cells and it is 
unknown whether or not the mutation was present in the 
germline of the individual. In our screen of MLM-linked 
pedigrees, no unquestionably disruptive CDKN2 
mutations such as nonsense or frameshift mutations were 
found. This finding contrasts with the observation of 
point mutations in melanoma cell lines where 11/18 
changes from the wildtype sequence caused premature 
termination of the p 16 protein 8 . 

Could the two missense mutations detected in kindreds 
1771 and 3012 be neutral? The pl6 protein encoded by 
CDKN2 consists of four tandemly repeated ankyrin 
motifs that together account for 88% of the total 
sequence 10 . Both the putative Gly93Trp and Vail 18 Asp 
mutations disrupt the ankyrin. repeat consensus. In 
contrast, the*Alal40Thr substitution (also found in 
healthy individuals) lies outside the ankyrin domains. 
This is consistent with the rare mutations affecting 
p 1 6 function, and the common polymorphism having 
no effect. On the other hand, the p 16 protein is only 
148 residues long, which implies a large surface to 
volume ratio, increasing the probability that an amino- 
acid change would occur on the exterior of the protein, 
and hence, be less disruptive to the folded state of the 
molecule. Therefore, in the absence of biochemical or 
structural information, the possibility that the two rare 
missense mutations are neutral cannot be excluded. 
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Fig. 1 Segregation of the susceptible 9p21 haplorype of four. DNA markers and the CDKN2 
mutations as determined by DNA sequence or ASO analysis in kindreds 3012 and 1771. 
The estimated melanoma penetrance of MLM in the set of Utah kindreds is 53% by age 80 
(unpublished data) resulting in the observation of some unaffected carriers of the 
susceptible haplotyped and mutation.who are assumed to be either non-penetrant or 
undiagnosed individuals. Other cancers are shown: Pr, prostate. Recombinant events are 
not noted. The solid vertical bar identifies the segregating 9p21 haptotype; MLM maps 
between IFNA and D9S171. The gender or age onset has been changed in some cases in 
order to preserve confidentiality (age onset reflects the accurate decade in all cases). The 
actual kindred data is available upon request. Melanoma; 24 Pr t age diagnosis/other 
cancer; -, mutation screened negative; +, mutation screened positive; [ ], inferred 
haplotypes; JZf, deceased. 
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Fig. 2 Autoradiograph of Southern blot probed with cosmid 
c5. a, Lanes 2 and 6 are control DNA samples from 
noncarriers. b t Lanes 3 and 4 are control DNA samples 
from noncarriers. 5 \ig genomic DNA was digested with 
Bam HI and loaded onto a 0.7% agarose gel. Lanes other 
than the control lanes contain DNA from either 9p-linked, 
predisposition carriers or from affected individuals from 
melanoma-prone families. Genotypes were assigned as Aa 
for lane 1 , aa for lane 5, and AA for lane 9, for example; A 
is the rarer allele. 



Regardless of whether or not these changes are neutral, 
the frequency of CDKN2 mutations observed in 
melanoma-prone kindreds was much lower than would 
be expected if CDKN2 were MLM: 2/13 in 9p21 -linked 
families and 0/38 in familial melanoma cases while it is 
possible that not all 1 3 kindreds are linked, several of these 
kindreds have been shown previously to segregate a locus 
for melanoma predisposition at 9p21 with a high degree 
of statistical confidence. For example, kindreds 3346 and 
3137 have lod scores in favour of 9p21 linkage of +5.97 
and + 1 .90, respectively 1 . Evidence for genetic heterogeneity 
in melanoma predisposition involving a lp locus has been 
presented 4,17,18 . However, there is no evidence in Utah, 
Dutch and Australian families for Ip-linkage or genetic 
heterogeneity in melanoma predisposition 1,19-23 . Even 
allowing for sporadic melanoma incidence and genetic 
heterogeneity, the frequency of germline CDKN2 
mutations is low. 

There are two possible explanations for the low 
frequency of CDKN2 mutations observed: either CDKN2 
and MLM are distinct genes or CDKN2 is MLM, but the 
majority of predisposing mutations occur outside the p 16 
coding region and adjoining splice junction sequences. 



The authors of two recent reports argue that a second 
tumour suppressor gene may lie in 9p2 1 based on analysis 
of several non-melanoma primary tumours and that 
homozygous deletions of CDKN2 in tumour cell lines 
may be partly an artifact of growth in culture 24,25 . However, 
other studies do not support this possibility 26,27 . Because 
of its a priori strength as a candidate, it is difficult to 
exclude CDKN2 categorically and conclude that MLM is 
a different gene in 9p2 1 . The precedent is compelling that 
in transformed cells somatic lesions occur in tumour 
suppressor genes, some alleles of which predispose to 
cancer. In the case of CDKN2, the homozygous deletion 
frequencies of individual members of a set of markers 
from 9p2 1 peak within the CDKN2 gene 8 . The only other 
candidate gene identified so far in the immediate vicinity 
of CDKN2 is its relative, MTS2. E2 sequences of this gene 
have been exhaustively screened for mutations in both 
pedigrees and melanoma lines 8 . The only polymorphisms 
identified so far were common and fell in a presumptive 
introfi well outside the equivalent of E2 from MTS2. Thus, 
based on homozygous deletions in tumour cell lines and 
DNA sequence analysis, there is no evidence that MTS2 or 
any other gene is involved. In contrast, the high frequency 
of point mutations and small deletions in CDKN2 in 
melanoma primary tumours and cell lines further 
pinpoints CDKN2 as a tumour suppressor gene involved 
in melanoma. 

Apart from the present findings, the only indication 
that CDKN2 may not correspond to MLM is based on the 
observation that somatic abberations in CDKN2 are 
involved in diverse types of cancer cell lines, not only 
melanoma. Thus, predisposing CDKN2 mutations might 
be expected to increase the occurrence of many cancer 
types in linked families. Indeed, some investigators have 
reported increased incidence of other tumours in 
melanoma-prone families 28 and it is unclear at present if 
9p2 1 -linked hereditary cancer is solely melanoma, or is 
truly multifocal. 

The other possibility is that CDKN2 and MLM are the 
same gene, but that predisposing mutations occur 
primarily outside the p 1 6 coding sequence. This possibility 
is weakened by the observation of so many CDKN2 coding 
sequence mutations in sporadic melanoma cell lines. In 
the subset of melanoma cell lines that do not contain 
CDKN2homozygous deletions, nearly half ( 14/34) contain 
nonsilent changes. If it is assumed that predisposing 
mutations are distributed in the same manner as somatic 
mutations, a similar percentage of the kindreds should 
have displayed mutations in the p J6coding sequence. On 
the other hand, there is precedent for germline mutations 
falling outside the coding sequences of genes. For instance, 
in the thalassaemias a high percentage of germline 
mutations occur in noncoding regions that affect either 
protein translation, mRNA splicing or mRNA stability 29 ; 
and an entire class of genes involved in neuronal 
development or function contains trinucleotide repeats 
outside the coding sequence that may predispose to 
disease 30 Moreover, it is conceivable that heterozygous, 
inherited, loss-of- function mutations in CDKN2 might 
be lethal due to haploinsufficiency. In this case, 
predisposing CDKN2 mutations might be expected to 
cause reduced expression of the gene and, therefore lie 
more frequendy in sequences that regulate the level of 
CDKN2 expression. 

In summary, despite the appeal of CDKN2as a candidate 
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for MLMy we have encountered only two mutations in the 
pl6 coding sequence which may confer susceptibility to 
melanoma. To prove or disprove the hypothesis that 
CDKN2 is MLM will require an extensive search for 
predisposing mutations that lie in noncoding regions of 
the CDKN2 gene or in neighbouring genes. 

Methodology 

MLM pedigrees and DNA samples. Lymphocytes were separated 
from whole blood using Ficoll-Hypaque (Pharmacia) according to 
the manufacturer's instructions. Lymphocyte DNA was extracted 
using standard procedures. Similar procedures were used to extract 
DNA from blood samples in the Netherlands and Australia. 

PCR amplification and mutation screening. All three coding exons 
of CDKN2 and their associated splice sites were amplified from 
tumour or matched normal genomic DNA using PCR 8 . The PCR 
conditions were: one cycle at 95 °C (5 min); 4 cycles at 95 °C ( 10 s), 
T «n.= 68 °C ( 10 s), 72 °C ( 1 0 s); 4 cycles with 1^= 66 °C; 4 cycles with 
T ™ = 64 ° C i 4 cycles with 62 °C; 30 cycles with = 60 °C The 
buffer conditions were as described except that 5% DMSO was 
added to the reaction 7 . The products were purified from 1.0% 
agarose gels using Qiaex beads (Qiagen) and analysed by cycle 
sequencing with a- 31 p-ATP 31 . Products were run on 6% 
polyacrylamide gels. All adenosine reactions were loaded side by 
side, followed by the cytosine reactions, etc. Detection of 
polymorphisms was by eye with confirmation on the other strand. 
The DNA sequences of the primers used for CDKN2 amplification 
and sequence determination were: exon 1 , amplification: IF - CAG 
CAC CGG AGG AAG AAA G; 1 108R - GCG CTA CCT GAT TCC 
AAT TC; sequencing: 1 108R; exon 2, amplification: 42F-GGA AAT 
TGG AAA CTG GAA GC; 55 1 R - TCT GAG CTT TGG AAG CTC 
T; sequencing: 42F and 55 1 R; exon 3, amplification 237F - CCA TTG 
CGA GAA CTT TAT CC; 654R - TGG ACA TTT ACG GTA 
GTGGG; sequencing: 237F and 654R. 

Allele-specific oligonucleotide (ASO) analysis. PCR products were 
generated as described above and quantified after electrophoresis 
through 2% agarose gels plus ethidium bromide by comparison with 
known amounts of standard DNA. 10 ul PCR product was added to 
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1 10 uJ of denaturant (7.5 ml, H 2 0, 6.0 ml 1 N NaOH, 1.5 ml 0.1% 
bromophenol blue and 75 pi 0.5m EDTA) and incubated for 10 min 
at room temperature before blotting 30 ul on to Hybond membrane 
(Amersham) using a dot-blotting apparatus (GIBCO-BioRad). The 
DNA was fixed on the membrane by exposureto UV light (Stratagene). 
Prehybridization was carried out at 45 °C in 5x SSPE and 2% SDS 30 . 
Wildtype and mutant ASOs were labelled by incubation at 37 °C for 
1 0 min in a reaction that included 50 \lC Y- 32 p-ATP, 100 ng ASO, 10 
U T4 polynucleotide kinase (New England Biolab), and kinase 
buffer. 20 ng of labelled ASO was used in an overnight hybridization 
reaction in the same buffer as for prehybridization. Each blot was 
washed twice in 5x SSC and 0. 1 % SDS for 1 0 min at room temperature, 
followed by 30 min at progressively higher temperatures until 
nonspecific hybridization signals were eliminated. Blots were exposed 
typically for 40 min without an intensifying screen. The ASOs used 
are shown below. The wild type sequence is listed with the mutant 
base shown in parentheses following the base that it replaces in the 
wildtype sequence. 



Base change 

location 

436 

294 

371 



Amino acid 
Jocation 
140 
93 
118 



DNA sequence 

AGA TGC CG(A)C GGA AGG 
GGG CCG(T) GGG CGC 
CGA TGT(A) CTC ACG GTA 



Southern blots. 5 fig genomic DNA from each individual were 
digested with BamHl or PvuII and loaded onto a 0.7% agarose gel 
which was blotted according to standard procedures 31 . C osmid c5 
DNA was labelled by random hexamer priming 31 . Prehybridization, 
hybridization and filter washing were as described 32 , except that 200 
ng ml -1 total human DNA was added to the prehybridization reaction 
and incubated overnight. 
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